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INTRODUCTION AND BACKGROUND
INFORMATION

Flow-like landslides (Hungr et al., 2001) are hazardous phenomena that occur all over the
world and potentially expose people and infrastructure to a very high danger (Alcantara-Ayala,
2002). In fact, due to their kinematics, they can rapidly travel over long distance and destroy
everything they meet during their path. Such landslides always show high internal deformations
and spread outside of the failure area by moving downslope over the ground surface and adapting
themselves to any morphological slope change as a viscous fluid (Picarelli et al., 2008). Flow-like
style is typically considered a consequence of building up of diffuse positive excess pore pressure
(Picarelli et al., 2008) which could be developed within a soil when one or more of the following
conditions exist (i) the soil is partly or fully water saturated, (ii) the soil is susceptible to
liquefaction, (iii) the soil is subjected to unbalanced forces. The cause-effect relationship between
the occurrence of intense and/or prolonged rainfall events and the triggering of flow-like
landslides is commonly recognized in the scientific literature (e.g. Campbell, 1975; Caine, 1980;
Guzzetti et al., 2008; Baum and Godt, 2010; Peruccacci et al.,, 2012).

In Campania (southern Italy), which is an Italian region strongly exposed to hydrogeological
risk, flow-like landslides involve pyroclastic materials mantling the limestones of the Campanian
Apennines. During last century, flow-like landslides caused several casualties and severe damage
to infrastructures and inhabited districts in this region. Among the most widespread flow-like
landslides which occurred in this area, there are two events that took place on Salerno and Lattari
Mountains, respectively on October 1910 and October 1954, leading to a total of 468 casualties,
and another big event which happened on Sarno Mountains on May 1998 and led to 160 victims.
After this last last catastrophic debris-flow event, several studies were focused on the
comprehension of landslide triggering mechanisms. As a result, there has been a relevant
progress in understanding the geomorphological predisposing factors of flow-like landslides
(Del Prete et al., 1998; Calcaterra et al., 1999; Guadagno et al., 2005; Di Crescenzo and Santo,
2005; Cascini et al.,, 2008; De Vita et al., 2013) and the hydrological triggering factors
(Cascini et al., 2008; Cascini et al., 2010; De Vita et al., 2013). Furthermore, soil scientists have
assessed that another crucial predisposing factor, related to the occurrence of flow-like mass

movements on Campanian hillslopes, is the presence of Andosols (IUSS Working Group WRB,

INTRODUCTION Pag. 4



2014). Such soils are typically very fertile (Shoji et al., 1993; Nanzyo, 2002; McDaniel et al., 2005)
but, unfortunately, at the same time, they are also very fragile and highly susceptible to land
degradation processes, such as erosion (Arnalds et al., 2001; Fontes et al., 2004) and landslides
(Basile et al., 2003; Scognamiglio et al., 2016 a,b; Terribile et al., 2000; Terribile et al., 2007;
Vingiani et al., 2015; Vingiani and Terribile, 2006). In fact, Andosols have a peculiar set of chemical,
physical, hydraulic and mineralogical properties that predispose the soil to the instability. Among
the main properties of Andosols related to flow-like landslides there are (i) large porosity (ii) low
bulk density, (iii) friable fluffy structure, (iv) high water retention capacity and hydraulic
conductivity at quasi-saturated and saturated conditions, (v) short range order clay minerals
(allophane, imogolite and ferrihydrite), (vi) high susceptibility to soil liquefaction (Nanzyo, 1993
and 2002; Picarelli et al, 2008).

Such previous studies suggested the existence of a pedological control on flow-like
phenomena. Nonetheless, these soil studies were mainly developed by applying a descriptive
approach, i.e. by studying soil properties. The use of the only descriptive approach is much
unfortunate because limits the implementation of soil information towards more practical
applications such as the use of dynamic landslide models finalized to future applications to predict

these dangerous phenomena.
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AIM OF THE WORK

In this framework, the general aims of this work were (i) to implement a dynamic model in
order to predict the triggering of flow-like landslides in Swiss and Italian contexts and (ii) to
evaluate its potential applications to other Italian study areas where soils showing andic features
are settled. We highlight that the implementation of dynamic models is an essential requirement
for the understanding, within entire regions where andic soil features (considered as a crucial
landslide predisposing factor) are developed, of which could be the most susceptible areas where
a flow-like landslide could happen and which could be the most realistic triggering scenarios.

We implemented a physically-based landslide hydromechanical triggering (LHT) model,
which is publically available as software STEP-TRAMM (namely, STEP is the developing group and
TRAMM is the acronym of Triggering RApid Mass Movements), linking key hydrological processes
with threshold-based mechanical interactions (Lehmann and Or, 2012). The main difference
respect to other models is that STEP-TRAMM incorporates progression of local failures in a chain
reaction culminating into hazardous mass release. In fact, the model is based on the idea that local
failures, preceding the triggering of landslides, are intended as real precursors of landslides. Such a
model considers the soil cover as an unique and homogeneous layer having assigned mechanical
and hydraulic properties. The soil depth is variable within the region of interest and spatially
distributed according to a soil depth model which is implemented in the code (Stothoff, 2008).

To pursue the objectives of this thesis, first of all we implemented the previously described
landslide model to different contexts for both back-analysis and predicting future rainfall-triggered

flow-like landslides. In detail, we carried out the following studies:

1) we selected two Swiss catchments located at the foothill of the northern Alps and very
close to each other, where important flow-like landslides were triggered by well-defined
rainfall events.

2) Then, we moved our attention to an Italian case study located within the city of Naples
(Campania region), i.e. Camaldoli hill, where flow-like landslides involve soils showing andic

properties.

After these first applications, we made a preliminary study to evaluate the potential

application of the same model to more complex areas. More specifically, we analysed soil depth
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and soil layering variability for different Italian contexts where complex geometry is found (and

where soils involved in past landslides show andic features):

3) The first study area was located on the northern slope of Mt. Camposauro (Telesina Valley
- Campania region), where flow-like phenomena often occur in the colluvium, involving
Andosols, and spread downslope involving the inhabited districts.

4) In the end, we carried out a national scale study to evaluate morphological, chemical,

physical and hydraulic properties of 12 Italian soils located in detachment areas of past

flow-like landslides.
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1

Rainfall induced shallow landslides at catchment scale — effects

of soil properties and initial conditions on landslide patterns

The work included in this chapter was developed at the ETH of Zurich in collaboration with
Dr. P. Lehmann and Prof. D. Or of the Soil and Terrestrial Environmental Physics (STEP), Institute of
Biogeochemistry and Pollutant Dynamics. In this study, we selected two Swiss catchments located
at the foothill of the northern Alps and very close to each other, where important flow-like
landslides were triggered by well-defined rainfall events. For such study areas, we implemented
the STEP-TRAMM model in order to understand model behaviour and systematically analyze the
role of key soil properties on landslides number and on landslides area and then to compare such
results with landslide inventories from Switzerland. By introducing a strength index, which
guantifies the role of different soil key parameters, we could integrate the effects of various soil
properties on the landslide susceptibility. To explore a larger parameter space at catchment scale,
we decreased the spatial resolution (compared to previous studies with a similar model and
detailed elevation models) to 10 m. Despite the limited resolution, the model could reproduce
fairly well the relationship between landslide area and number reported in the inventory of the
different catchments. In addition, several areas within the catchments with high density of

landslides were reproduced correctly.
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. INTRODUCTION

Rainfall-induced shallow landslides are dangerous natural hazards that can produce fatalities
and severe injuries to people and infrastructures. They usually occur abruptly and without distinct
precursory signals. For this reason, the prediction of possible triggering locations for different
hydrological scenarios that predispose a slope to unstable conditions is of primary importance for
defining landslide mitigation strategies and soil conservation management policy. Such a
prediction is typically carried out by means of statistical models or physically based models. The
first ones link geomorphological and topographic features to the probability of landslide
occurrence by assuming that future landslides will be triggered by the same conditions that
triggered past landslides (Guzzetti et al., 1999; Van Western et al., 2008). On the other side,
physically based models take into account the hydrological status and infiltration and subsurface
water flow pathways in order to link them to the mechanical status of a hillslope. Such models are
often based on the calculation of a simple indicator of the mechanical state and landslide
susceptibility of a slope. Such indicator is the so-called factor of safety (FOS), defined as the ratio
between resisting and driving forces acting on a slope that is often considered to be an infinitive
slope (O’Loughlin and Pearce, 1976; Wu et al.,1979; Casadei et al., 2003). Some physically-based
models express FOS as a function of seepage flow and rainfall rate (Montgomery and Dietrich,
1994; Fernandes et al., 2004) and include the effect of pore pressure on landslide initiation based
on numerical solutions of the Richards equation (lverson, 2000; Tsai and Yang, 2006). In contrast
to the key elements of FOS-based models, i.e. the gradual evolution of the FOS value during a
rainfall event and the nonlocal definition of the mechanical status of a hillslope (resulting in an
assembly of large regions with similar FOS), evidence suggests that rainfall triggered landslides are
abrupt and highly localized phenomena (lverson et al., 2000). In this study, we define as
abruptness the release of large soil masses without apparent preceding indicators for imminent
mass release. Notwithstanding their apparent abruptness, rainfall-induced shallow landslides can
be triggered as a progression of small local failures that coalesce into a continuous failure plane
(Petley et al., 2005). Local failures can be ascribed to different processes occurring into the soil,
from the buckling of the load bearing, to frictional sliding between grains, to the generation of
microcracks within the soil and breakage of capillary bridges or plant roots (Michlmayr et al.,
2012). Such local failures can occur during and after a significant or prolonged rainfall event and

represent internal damage within the soil cover.
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The progressive nature of landslide triggering and the abrupt landslide event is a challenge
for physically based models and was reproduced in many studies by means of landslide
hydromechanical triggering (LHT) model, linking key hydrological processes with threshold-based
mechanical interactions (Lehmann and Or, 2012; von Ruette et al., 2013, Fan et al., 2015). The
model is now publically available as software STEP TRAMM (http://www.step.ethz.ch/step-
tramm.html). This model approach considers the triggering process of landslide as a chain reaction
triggered by weak and damaged soil columns. In the model, the soil mantle overlying a hillslope is
discretized into an assembly of hexagonal-shaped soil columns that are mechanically
interconnected and interacting with the nearest neighbors by means of frictional, tensile and
compressive forces represented by mechanical “bonds”. Another mechanical bond connects the
base of each soil column to the bedrock surface (which is considered to be a preferential rupture
surface). The mechanical “bonds” consist of a bundle of mechanical fiber elements (Peirce, 1926;
Daniels, 1945; Cohen et al., 2009), mimicking the mechanical behavior of different soil elements
(e.g. friction, cementing agents, capillary bridges, plant roots). Each mechanical bond has a
prescribed strength, governing the landslide triggering process, that depends on soil type, water
content state and root reinforcement (which generates additional cohesion to the soil). Since
fibers can break long before the whole soil mass is released, such formalism provides unique and
innovative model capabilities to identify and localize the gradual weakening of the wet soil within
the whole mass long before it is released. In the model, the process of landslide initiation strictly
depends on threshold mechanics. In particular, when the force on a given bond exceeds the
strength threshold, the rupture of the bond occurs and the excess load is thus redistributed
according to pre-defined load redistribution rules that can be modified to mimic different failure
behavior (ductile vs. brittle), as shown in Fan et al. (2016).

Because in this study we will analyze the role of such load redistribution rules and adapt
them to different soil types and hydration state, we describe them in some detail in the following.
The load redistribution rule defines the criterion to distribute and transfer the amount of excess
load into two different directions: downslope by means of “compressive bonds” and upslope (or
laterally) by means of “tensile bonds”. To determine an appropriate load redistribution rule for
each soil type, Fan et al. (2016) defined the stiffness ratio, K,/K1, a key parameter that quantifies
the amount of load redistributed to intact bonds and is defined as the ratio between the load
redistributed to downslope compressive bonds, K,, and the load redistributed to upslope tensile

bonds, K;. Moreover, Fan et al. (2016) also established links between such theoretical stiffness
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ratio and measurable soil mechanical properties (i.e. Young’s modulus E and Poisson’s ratio v,
which express the brittleness of a soil): in fact, large values of stiffness ratio characterize soils with
large E and small v, which is typical of brittle materials (e.g. sand), whereas, small values of the
stiffness ratio represent soils having small E and large v, typical of ductile materials (e.g. clay). In
this study we will extend the work of Fan et al. (2016) to define the stiffness ratio not only as
function of soil textural class but as function of water content as well.

With the model STEP TRAMM the abrupt release of highly localized landslides can be
simulated and has thus the potential to determine susceptible regions for a specific rainfall event.
However, due to complex soil architecture and soil heterogeneity, the hydro-mechanical
properties of the soil mantle are only known within certain limits and this uncertainty affects the
model outcome. To simulate landslide triggering it is thus required to study a certain range of soil
properties. For large catchments, modeling of different realizations to determine dominant soil
properties is time consuming. So far the model underlying STEP TRAMM was only applied with
high spatial resolution (1.0 m in Lehmann and Or, 2012; 2.5 m in von Ruette et al., 2013; and 2.0 m
in Fan et al., 2016). For a manifold of simulations and for larger catchments (larger than a few
square kilometers), the computational burden for high spatial resolution becomes too high. In
addition, highly resolved information on elevation, as used in previous studies, is not available
around the globe and less detailed information must be necessarily used. In this study we will use
a spatial resolution of 10 m to determine dominant system properties and susceptible regions
more effectively. So this is the first time that this new model type is applied with a relatively poor
spatial resolution. If the model succeeds to reproduce landslide properties also with this resolution
and thus a relatively small computational burden, we can be confident that it can be applied for
much larger catchments as well.

The objectives of this study are thus as follows: (i) to test if STEP TRAMM can reproduce
landslide number and landslide area reported in inventory using relatively poor spatial resolution,
(ii) to test if some local regions of high landslide density within a catchment can be predicted and
(iii) to estimate the role of the various soil properties on landslide susceptibility. For the last case
we will also study the role of soil and water content dependent rules of load redistribution of
progressive failure on landslide triggering.

The study is organized as follows: in section 2 we quantify the relationship between soil
mechanical key properties, water content and soil texture and its implementation in the landslide

triggering model. A description of landslide inventories and parameterization of soil properties to
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quantify the effect of soil properties and load redistribution rules on landslide triggering follows in
section 3. In section 4, landslide simulation results are compared to landslide inventories for the
two case studies in Switzerland and one case in Italy. In discussion, section 5, the relevance of the
findings is generalized for other catchments. The paper is closed in section 6 with summary and

conclusions.

1. THEORY - LINKING LOAD REDISTRIBUTION RULES TO SOIL TEXTURAL CLASS AND
WETNESS

We differentiate soil failure modes preceding a rainfall-induced landslide by distinguishing
between brittle and ductile behavior. The soil key mechanical properties which quantify the
brittleness or the ductility of a soil are the Young’s modulus E and the Poisson’s ratio v. Since
Young’s modulus has a far more dominant effect on failure propagation in a hillslope than
Poisson’s ratio (Fan et al., 2016), we focus here on the Young’s modulus. The Young’s modulus
assumes different values depending on soil type (large E values are typically associated to brittle
materials, whereas small E values to ductile materials), but it can also vary as a function of soil
water content. In fact, for all soil types, an increase in water content induces a consequent
decrease in the Young’s modulus and vice versa (Lu et al., 2014, see Fig 1a below). The soil type
that is mostly sensitive to the variation of the Young’s modulus with varying water content is the
ductile clayey one: in fact, the value of E rapidly decreases with increasing water content (Fig.1a).
In the recent literature, it is possible to find few studies concerning the dependency of the Young’s
modulus of a soil to the water content. Such a dependency is well described from a power law
relationship (Ng et al. 2009; Sawangsuriya et al., 2009; Schuettpelz et al. 2010; Khosravi and
McCartney 2011). Between all the recently proposed power law equations, we refer to the
empirical power law model from Lu et al. (2014) which simply explains the aforesaid dependency

of the Young’s modulus to the water content as follows

E = Eq+ (Ey — Ea) ( Hi‘_egd)m (1)

where E is the Young’s modulus, 0 is the volumetric water content, subscripts d and w indicate,
respectively, the dry state and the wet state of a soil and m is an empirical fitting parameter. To

estimate the Young’s modulus as a function of the water content, it is necessary to estimate the
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parameter m, which is inversely proportional to the soil grains size and is well correlated to the
specific surface area of soils (Lu et al., 2014). In Lu et al. (2014) the parameter values are listed for
eleven different soil. For this study, we grouped the soils into three different classes representing
three main soil textures (i.e. sandy, loamy and clayey soils). For each one of the 3 soil textures, we
have calculated the average values of Eg, Ew, Owet, Uar, and m, listed in Table 1 and in Figure 1a we

show the Young’s modulus as a function of water content.

Table 1: Average fitted parameter values obtained by solving equation 1 for 11 soils of Lu et al. (2014) and
by grouping them in three main textural classes. E is the Young’s modulus, ¢ is the volumetric water
content, subscripts d and w indicate, respectively, the dry state and the wet state and m is an empirical

fitting parameter.

Soil type Ew Eq Ow 04 m

SANDY soil 295 3.18 0.39 0.03 0.1
LOAMY soil 071 246 041 0.05 0.76
CLAYEY soil 145 516 0.34 0.09 1.07

To link the Young’s modulus of the three soil textural classes to the stiffness ratio K>/K;
implemented in the landslide hydrological triggering framework, we follow Fan et al. (2016) that

found the following power law based on numerical experiments:

*2 = 1.3£088 (2)
K

1

where E is the Young’s modulus and K,/K; is the stiffness ratio. By inserting eq. (1) into eq. (2) we
have transformed the Young’s modulus into the corresponding stiffness ratio to obtain the
relationships between K,/K; and 0 for the three soil types shown in Figure 1b. We implemented
the linear relationship describing the stiffness ratio as a function of the water content for each of

the three main soil textural classes (clay, sand and loam).
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Figure 1: Variation of mechanical properties as function of soil textural class and water content and its
implementation in modeling framework. (a) Young’s modulus E vs. volumetric water content 8 for each of
the three main soil textural classes clay, loam, and sand. Data (symbols) of different soils samples from Lu et
al., 2014 were fitted (lines) with eq. (1). (b) Stiffness ratio (K,/K;) vs. volumetric water content 8 for each soil
textural class. For each soil, the equation describing the relative line is reported. The insets in Fig 1b show a
schematic representation of a typical hexagonal-shaped soil column (considered in STEP TRAMM)
surrounded by lateral mechanical bonds which constitute the link between the soil column and its nearest
neighbors. Colors blue and red are for K; (horizontal and upslope stiffness of the tensile bonds) and K,
(downslope stiffness of the compressive bonds), respectively. The soil column is represented for both moist
and wet conditions: thin fibers represent low values of stiffness whereas thick lines are for high stiffness

values.

From figure 1b it becomes clear that the slopes of the linear relationship K,/Ki vs. 6,
resulting from the described procedure, are different for each one of the three main soil classes. In
particular, clay line is characterized from the highest slope. This means that, since the Young’s
modulus of a clay broadly varies with varying water content (Fig. 1a), the range of stiffness ratios
for a clay is large, depending on clay water content. Such a circumstance is not surprising and was
expected due to the particular sensitivity of clay soils to the water content, which strongly affect
its rheological behavior. On the other side, loamy and sandy soils are characterized from lower
slope than clay soils. In particular, since the Young’s modulus of a sand exhibits a quasi-constant

value with varying water content (Fig. 1a), the stiffness ratio of a sand is almost independently on
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its water content. Such a circumstance is explained by considering the very low dependency of the
rheological behavior, i.e. of the E value, of a sand to the variation of water content. As a general
consideration valid for every soil type, the stiffness ratio K,/K; decreases with increasing soil water
content and, for different water content, it assumes different values, depending on the considered

soil type.

. MATERIALS AND METHODS

IILA  Landslide inventories

The model STEP TRAMM was applied to three different catchments (two Swiss and one
Italian). In all three cases the reported landslides were triggered by a well-defined rainfall event.
At first, we simulated two Swiss landslide events which occurred in two catchments located very
close to each other at the foothill of the northern Alps. We named the landslide events as “Napf
2002” and “Napf 2005”, corresponding to the geographical region in which they occurred (“Napf”)
and the year when they happened. The two catchments are only few kilometers apart, have
similar dimension (2.4 km? for Napf 2002 and 1.4 km? for Napf 2005) and are characterized by
similar environmental and topographic features, land use, and geological formations (von Ruette
et al. 2013). The Napf 2002 event triggered 51 documented shallow landslides (Rickli and Graf,
2009) and is shown in Figure 2a. The triggering rainfall occurred on the 15th—16th July as a local
summer storm with a rainfall intensity of 15-25 mm/h and a total rainfall amount of 53 mm. We
use this case study as “calibration study” to determine the dominant soil properties of the
catchment. Then, these fitted properties will be used to validate the model for the other case
study “Napf2005”. The rainfall in case of Napf 2005 triggered 36 shallow landslides in the study
area but totally involved over 5000 landslides across the northern part of the Swiss Alps (Raetzo
and Rickli, 2007). The rainfall event 2005 was longer than the 2002 one and lasted from 18th to
23th August with a total rainfall amount of 229 mm (von Ruette et al., 2013). For Napf 2005, the

catchment and inventory landslides are shown in Figure 4a of result section.
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Figure 2: Comparison of landslide inventory with simulated landslides for the Napf region. Landslides were
triggered by a short rainfall event in 2002. (a) Landslide inventory map from von Ruette et al. 2013 with
landslides shown as yellow disks. (b) Map of landslides (in red) resulting from simulation with sandy loam
and zero stiffness ratio. In (a) and (b) the bold yellow line marks the border of the catchment. The white
lines mark regions with high landslide density to show that some susceptible regions were correctly

reproduced by the model.

The selected Italian catchment is named Pogliaschina, which is located in NW Apennines in
Liguria region (northern lItaly; figure is presented in results section) On 25" October 2011, 588
shallow landslides, covering a total area of 0.44 km?, where triggered by a very intense rainfall
storm which lasted 6 hours with a maximum hourly rainfall intensity of 150 mm h™* and with
largest cumulated rainfall varying between northern (250 mm/h) and southern (500 mm/h) parts
of the catchment. The event caused injuries and six fatalities (Mondini et al., 2014). The catchment
has a dimension of about 25 km? and a landslide density around 23 Iandslides/kmz, which is
comparable to the Napf 2002 and 2005 ones (respectively 21 and 25 events/km?). Note that the
size of the catchment is much larger than any other case study that was analyzed so far with this
type of model approach.

For the three selected catchments we carried out landslide simulations in order to
systematically explore the influence of the various model parameters and to optimize and
calibrate the parameter set. To run simulations, a Digital Elevation Map (DEM) is required. For
both Napf catchments, it was obtained from a DEM based on Lidar data from Swisstopo (2005)

having a resolution of 2m, whereas for Pogliaschina a DEM with a resolution of 26 m was obtained
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from the USGS service (https://earthexplorer.usgs.gov/). In both cases the DEM was scaled to a

resolution of 10 m that was equal to the numerical resolution of the simulations. The vegetation
pattern consists of two classes, i.e. grassland and forest. For both Napf catchments vegetation
type was determined by subtracting a DEM of terrain without vegetation from a DEM including
vegetation (von Ruette et al., 2013), whereas for Pogliaschina catchment forest cover map was
taken from the Forest Global Change database (Hansen et al., 2013). For forest regions, lateral
root reinforcement will be considered. To compute “loading” of the catchment by rainfall, we used
rainfall signals for Napf catchments extracted from rainfall data sets CHO2H (SwissMeteo©) based
on hourly radar rainfall intensities with a spatial resolution of 2 km (West et al., 2010), whereas
for Pogliaschina catchment the rainfall signal was extracted from literature data (Mondini et al.
2014).

With respect to soil properties, we differentiate between soil depth and soil hydraulic
properties. Soil depth is modeled using the colluvium-diffusion equation with slope-dependent
diffusion flux (Stothoff, 2008; von Ruette et al., 2013). Hydraulic properties are determined based
on the soil textural class and the Brooks and Corey (1964) model, that was used to define hydraulic
conductivity and capillary pressure as a function of soil water content and was combined with the
Lu et al. (2010) formulation for unsaturated soil strength. For the various soil textural classes the
hydraulic parameter values were taken from Rawls et al.(1982). For the selected case studies, the
predominant soil textural class of the catchments were taken from literature data for both the
Napf catchments (von Ruette et al., 2013), whereas for Pogliaschina case study, it was extracted
from SoilGrids (Hengl et al., 2014). For all considered catchments the soil textural classes were

different types of loamy soils.

1I.LB  Simulated parameter space and definition of strength index

Within one catchment several soil textural classes can be found and the model outcome will
change with the chosen class. Similarly, the exact values of other model parameter values, like soil
cohesion, root strength and initial water saturation, are unknown although they affect simulation
results. To test model sensitivity with respect to such unknown parameter values, we varied
systematically “initial water saturation”, “soil cohesion” and “root reinforcement”. Because for the
various catchments not a specific loam type was dominant, we conducted simulations for “sandy

loam”, “loam” and “silt loam”. In addition, we wanted to check if the chosen load redistribution

rule will affect model outcome and hence we ran simulations by applying the original stiffness
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ratio K»/K,=0, for K»/K1=1, K,/K1=2 and the ratio as a function of water content B defined for loamy
soils by K»/K1=-4.9 6 +2.9 (see section Il and Figure 1).

For the “Napf2002” calibration study, we increased soil cohesion in four steps of 750 Pa,
starting from a minimum value of 500 Pa. Root reinforcement was increased in four steps of 1kPa,
starting from a minimum value of 1 kPa. Initial water saturation degree was decreased in five steps
of 5%, starting from a maximum initial water saturation degree of 70%. For all 150 combinations
(five values for soil cohesion and root reinforcement and 6 water saturations) that we ran for each
soil textural class and soil redistribution rule, the total landslide number and area were
determined.

As we will show in the result section, the strength of the slopes (as manifested by released
area) is not controlled by a single factor but is affected by various properties (soil cohesion, root
strength, water saturation and soil texture). To classify the parameter space and to combine the
various properties we defined a “strength index S” using the most simple linear relationship as

follows :

S=f(f.-C+fy-R+f, W) (3)

with weighting factors for effect of soil texture fs, soil cohesion f¢, root cohesion fz, and initial
water saturation fy,. Because we changed the various parameters in steps, we assigned a strength
class index to each parameter value (“C” for soil cohesion, “R” for root reinforcement and “W” for
initial water saturation). For example, simulations with root reinforcement values of 1.0, 2.0, 3.0,
4.0 and 5.0 kPa correspond to a class index value “R” of 0, 1, 2, 3 and 4, respectively. Then, we
fitted the relationship between strength index “S” and simulated landslide area (also volume and

number - data not shown) until we found the highest correlation (Fig. 3b).

v RESULTS
IV.A_ Model calibration study Napf 2002

For the case study of Napf 2002 we ran 450 simulations (150 for each one of the three soil
textural class) for each load redistribution rule, by varying the input parameter set (i.e. soil
cohesion, root reinforcement and initial soil water saturation). In Figure 3a we show for each
simulation the number of triggered landslides and the total landslide area (here shown for original

Chapter 1 Pag. 18



load redistribution rule of K,/K;=0). Note that simulations without landslides or simulations with
cumulative landslide areas larger than 15% of total catchment area are not shown (this means that
spatial and mechanical interactions between landslide events and locations can no longer be
ignored and we stop the model). In Figure 3a it is shown that the relationship between cumulative
landslide area and landslide number forms a relatively narrow band. The inventory data fall within
this simulated band. For simulations with cumulative area and landslide number close to the
inventory data, the landslides occur at least partially at the same locations as the reported
inventories, as is shown in Figure 2b. In Figure 3a it is shown that few landslides with small total
area were obtained for simulations with large strength index “S” and large areas and many
landslides are found for small strength index S. For the original redistribution rule the parameters
of eq. (3) were fc=3.0, fz=1.0, fy=4, highlighting that changing the root reinforcement seems to
have a relatively small effect on landslide compared to changing soil cohesion or initial water
saturation. The parameter values related to soil textural class fs were 1 for sandy loam, 2 for loam
and 3 for silt loam. The resulting strength index of a silt loam is thus three times the strength index
of sandy loam. The results for the ratio K>/K; as a function of water content were similar as shown

in Figure 3 and did not show a strong dependency of the results on load redistribution rule.
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Figure 3: Relationship between landslide number and cumulative landslide area affected by “strength
index”. (a) Simulations for calibration study area “Napf 2002”. Each symbol stands for one of 450
simulations (with specific soil textural class, soil cohesion, root reinforcement, initial soil water saturation,

all for original load redistribution rule K,/K;=0). The different shapes of the symbol mark different soil
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textural classes and the colors indicate the strength index (eq. 3). Low values of strength index are
associated to simulations with large and many landslides. The black crosses show the inventory data. (b)

Relationship between strength index and cumulative landslide area obtained by fitting eq. (3).

IV.B  Model validation to estimate landslide numer and area for study Napf 2005

In the calibration study we selected for each textural class the input parameter values
resulting in best agreement between measured and simulated cumulative landslide area and
landslide number. Then we carried out simulations for “Napf2005” with calibrated root and soil
cohesion values and increasing initial soil water saturation by 5% starting from an initial saturation

degree of 0.2. To reduce computational costs we split the catchment into two parts (northeast,

NE, and southwest, SW) as shown in Figure 4b.

Northeast |
(NE)

Southwest
(SW)
= A

Figure 4: Comparison of landslide inventory with simulated landslides for the Napf region. Landslides were
triggered an extreme rainfall event in 2005. (a) Landslide inventory map from von Ruette et al. 2013 with
landslides shown as yellow disks. The inset shows the position of the catchment within Switzerland and the
proximity to the event of 2002 (b) Map of landslides (in red) resulting from simulation with silt loam and
zero stiffness ratio. In (a) and (b) the bold yellow line marks the boundary of the catchment. The white lines
mark region with high landslide density to show that some susceptible regions were correctly reproduced by

the model.
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In Figure 4b the results for the silt loam with the original load redistribution rule of K,/K;=0.0
are shown. The cumulative landslide area is about 50% of the inventory but the number of
landslides is higher. However, the landslides are simulated in similar regions as reported in the
inventory. In general, with increasing initial soil water saturation more landslides with larger
cumulative area were simulated, as shown in Figure 5. Even for small initial water saturation, the
total number and cumulated area of landslides were often larger than the inventories. However,
for the initial water saturation of 20% and simulations with silt loam, results are in good

agreement with the inventory.
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Figure 5: Relationship between landslide number and cumulative landslide area for the original load
redistribution rules (a) and water content dependent load redistribution rules (b) for Napf 2005 validation
study. The Napf 2005 catchment was subdivided into a northeast (NE) and a southwest (SW) part. For
values of root reinforcement and soil cohesion calibrated for Napf 2002 and for each of the three different
loam soil textural classes, five simulations were conducted for five initial water saturation degrees (in the
range 0.2 to 0.4). In figure (a) and (b) for each soil and cohesion value there are five symbols of identical

shape and color for the five different water saturation degrees. Black crosses mark the inventory data.

IV.C  Modeling large catchment

For the Italian case study, (i.e. Pogliaschina landslide) with tenfold area compared to the
Napf catchments, we ran much less simulation (16 per soil textural class) for different soil

cohesion and root reinforcement values (1, 2, 3 and 4 kPa) and initial water saturation (0.25 and
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0.35). To reduce computational costs we only ran simulations for the eastern part of such a

catchment where the most part of landslides occurred (around 70%).
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Figure 6: Comparison of landslide inventory with simulations for Pogliaschina catchment. (a) Inventory map
modified from Mondini et al. 2014 with soil slips in red and earth flows in yellow. (b) Landslide (in red) map
resulting from simulation with sandy loam and stiffness ratio as a function of water content. (c) The
vegetation map with forest in green and meadow in yellow indicates the simulated region. (d) Landslide (in
red) map resulting from simulation with sandy loam and original stiffness ratio of zero. The dashed lines
mark region with high landslide intensity. The figures show that the susceptible regions are captured by the

model and highlight the role of forest cover on landslide triggering.

In Figure 6 we show the landslides map resulting from simulations carried out for sandy loam
for load redistribution rule as a function of water content 6 (Fig. 7b; soil and root cohesion of 2
kPa, initial water saturation of 0.35) and original redistribution rule (Fig. 7d; soil cohesion 2 kPa,
root cohesion 4 kPa, initial water saturation 0.25). From the comparison of the simulated landslide
map with the landslide inventory map from Mondini et al. (2014), it is evident that the simulations

reproduce the large density of landslides triggered in deforested areas.
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In Figure 7a the number of landslides and cumulative landslide area are shown for the
Pogliaschina catchment. In contrast to the similar plots shown in Figures 3a and 5 for “Napf2002”
and “Napf2005”, we show here as well the results for other constant values of the stiffness ratios
(K2/K1=1 or 2). Despite the small numbers of simulations, the figure reveals that the envelope of
simulation results contains the inventory data. For this small set of simulations, the original
stiffness ratio of zero provide better results in terms of landslide number and cumulated landslide
area than the other adopted stiffness rules, but more simulations would be required to make a

more definitive statement.
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V. DISCUSSION

By changing soil type from sandy to silt loam, root reinforcement and soil cohesion between
1 to 4 kPa and initial water saturation between 0.2 and 0.7, the landslide number and total area
changed by several orders of magnitude for the landslide inventories of Napf and Pogliaschina.
Interestingly, simulations for the “Napf2002” catchment (see Figure 3a) indicate that only a
relative narrow range of cumulative landslide area for a specific landslide number is possible. This
means that in the simulations the average landslide size is relatively constant despite the existence
of a few large landslides. Here we try to verify the existence of a narrow range of average landslide
size with inventory data. In Figure 7b all landslide simulations are plotted together with eleven
landslide inventories (WSL landslide database; and data from Rice et al., 1969; Rice and Foggin,

1971; Bellugi et al., 2015). The average landslide area for all simulations is quite similar and about

200 m°.
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Figure 7: Relationship between cumulative landslide area and landslide number for Pogliaschina catchment
(a) and collection of other inventories (b). Inventories are marked by crosses, all other symbols stand for
simulations with different soil properties and load redistribution rules. The dashed line that shows that an

average landslide area of 200 m” captures most of the inventory data.

To analyze the size distribution of the inventories in more detail, we show in Figure 8a the
entire size distributions (cumulative distribution function, CDF) for the seven Swiss inventories

collected by research institute WSL. The CDF shows that most of landslide areas are between 100
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and 400 m%. In Figure 8b the median and average are shown for the Swiss inventories and three
other inventories. The median is considerably smaller than the average due to the existence of a

few large landslides.
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Figure 8: Size distribution of rainfall induced shallow landslides collected in various landslide inventories. (a)
Cumulative distribution function (CDF) for seven rainfall induced event based inventories from Switzerland
(WSL landslide data base). The data were collected between 1997 and 2012 after the triggering rainfall
event. The majority of landslides has an area between 100 and 400 m”. (b) Average and median of landslide
inventories including Swiss inventories and data from Rice et al., 1969; Rice and Foggin, 1971; and Bellugi et

al., 2015.

VI. SUMMARY AND CONCLUSIONS

We simulated rainfall induced shallow landslides in two small Swiss catchments (Napf 2002
and Napf 2005) and in a larger Italian catchment (Pogliaschina) using the publicly available
landslide model STEP TRAMM. For the first time we applied this model concept with a relatively
poor spatial resolution of 10 m and tested if inventory data can be reproduced (enabling to run
many scenarios also for large catchments) and to test how sensitive the model outcome is with

respect to parameterization of soil properties. The findings can be summarized as follows:
e Despite the poor spatial resolution we could reproduce inventory characteristics for
Napf and Pogliaschina (landslide number and total landslide area and regions of large

landslide density);
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e Using soil cohesion and root reinforcement values calibrated for the Napf 2002 case
study, the predictions for Napf 2005 were in fair agreement with inventories;

e We introduced a strength index to quantify the role of different soil parameters to
condense and synthesize the dependency of simulation outputs on different soil
parameter values;

e We implemented a new type of load redistribution rule that depends on soil type and
water content to mimic different brittleness of soils but there were only minor effects
on model outcome;

e The range of total landslide area assigned to a certain landslide number is relatively
narrow for both simulations and inventories and the average landslide area in

simulations and landslide inventories is between 200 and 400 m?>.

The findings of this study support the conclusion that the model concept of STEP TRAMM,
that is based on threshold mechanics and simulation of progressive failure, can be applied

successfully for larger catchments (in the range of up 100 km?).
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2

Modelling rainfall-triggered landslides on Camaldoli Hill in the

city of Naples: application of the STEP-TRAMM model

The work included in the second chapter was developed in collaboration with Dr. P.
Lehmann (Soil and Terrestrial Environmental Physics - STEP, Institute of Biogeochemistry and
Pollutant Dynamics, ETH — Zurich), Prof. Calcaterra and Dr. D. Di Martire (Department of Earth,
Environment and Resources Sciences - DISTAR of the University of Naples Federico Il) and with
Prof. S. Vingiani and Prof. F. Terribile (Department of Agricultural Sciences - DIA, University of
Naples Federico ll). In this study, we implemented the model STEP-TRAMM to the Camaldoli hill,
located within the urban district of the city of Naples (southern Italy) in order to detect main
susceptible landslide areas and obtain useful information about the slope condition that triggered
a typical past landslide event for Camaldoli hill. Due to its geological, geomorphological and
pedological features (presence of andic soils), Camaldoli hill is a national priority in terms of
landslide risk. We simulated 26 different possible scenarios, by changing initial water content, soil
and root cohesion, soil texture, internal friction angle and the stiffness rule governing the load
redistribution of failing soil elements. We evaluated the location and the cumulated areas of
predicted landslides in comparison with position and areas of landslides from inventory and with
the official landslide susceptibility map, available for Camaldoli hill. Our results revealed that,
depending on the input parameter set, the model predicted (i) landslide positions with a
maximum error of 30 m and (ii) cumulated landslide area of the same order of magnitude of
cumulated area from inventory. . We also found a good agreement with total cumulated area for
simulated landslides resulting from scenarios considering sandy loam soil texture, soil cohesion

values of about 3 kPa and high values of the stiffness rule.
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1. INTRODUCTION

Landslides are dangerous hazards that usually occur in natural environments. Nevertheless,
during last century, the expansion of human activity and metropolitan areas has often taken place
in regions located in steep mountainous regions or in lowlands between or under steep slopes. All
over the world such a circumstance highly increased the exposure to this natural hazardous
phenomena. Sidle and Ochiai (2006) estimated the direct costs associated to rebuilding or
replacing infrastructures destroyed by landslides to several billion dollars per year all over the
world. Among other Italian regions, the territory of the Campania region (southern lItaly) is
strongly exposed to hydrogeological risk, having the 92% of the municipalities enclosed (subjected,
exposed) in a risky area (Palmieri, 2011). In Campania region, both (i) the highly urbanized foothill
regions along the carbonate mountains bordering the Campanian plain and (ii) the Phlegrean
Fields borders (slopes) are among the most landslide-prone areas of Italy. In the framework of
landslides occurring in Campania, we consider flow-like mass movements affecting Camaldoli hill,
which is located within the western part of the city of Naples (in Campania region - southern ltaly).
Among different landslide types and different material that can be involved in landslides, in this
paper we focus on flow-like mass movements (Hungr et al., 2001) involving the soil cover
originated from pyroclastic deposits and induced by intense and/or prolonged rainfall events.
These landslide phenomena are typical of Campania region, where unconsolidated ash-fall
deposits derived from both Somma-Vesuvius and Phlegrean field volcanic eruptions overlap a
Mesozoic carbonate series (De Vita et al., 2006). Flow-like mass movements are characterized by
high destructive power because they can rapidly travel across large distances with very high
energy and, consequently, they can cause significant damage and injuries, especially when they
occur in urban and very densely populated areas. Recent works from soil scientists have
emphasized that flow-like mass movements in certain geographic domains are related to the
occurrence of andic soils (Basile et al. 2003; Terribile et al, 2007, Scognamiglio et al., in
preparation, Scognamiglio et al., 2016 a,b, Vingiani et al., 2015). In particular, in Campania region,
they usually involve soils with andic properties developed from the pedogenesis of the previously
mentioned loose ash and pumice fallout deposit. Because of an unique combination of properties,
andic soils are highly fertile (Leamy, 1984) and, for this reason, they naturally have the potentiality
to support some of the most densely populated areas of the world (Shoji et al., 1993; McDaniel et
al., 2005). On the other side, andic soil properties affect the vulnerability to land degradation

processes and the occurrence of flow-like movements (Arnalds et al., 2001; Fontes et al., 2004;
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Basile et al., 2003; Scognamiglio et al., 2016 a,b; Scognamiglio et al., in preparation; Terribile et al.,
2000; Terribile et al., 2007; Vingiani et al., 2015). Among their key properties, there are (i) large
porosity (ii) low bulk density, (iii) friable structure, (iv) high water retention capacity and hydraulic
conductivity near saturation, (v) short range order clay minerals (allophane, imogolite and
ferrihydrite), (vi) high organic matter content, (vii) large reserves of easily weatherable minerals
(Nanzyo, 2002; Vingiani and Terribile, 2006; Terribile et al., 2007). Even if Phlegrean soils exhibit
andic features of variable degrees (degree) and sometimes not very pronounced (marked), on
Camaldoli hill, in the uppermost humified layers, allophane is the dominant mineral associated
with subordinate smectite and halloysite (Calcaterra et al., 2007). The formation of these
secondary minerals is a process acting on the glass matrix available in the primary deposit. The
high water conductivity typical of Camaldoli soils favours leaching and crystallization of hydrous
aluminosilicates (formed during secondary mineralization processes). On the other side, the very
high water retention plays a paramount role in affecting the soil stability because it is responsible
of great weighting on deepest layers. Hence, both the high hydraulic conductivity and the high
water retention capacity of Camaldoli soils have to be considered among the main predisposing
factors of landslides because they crucially increase the vulnerability to land degradation
phenomena: the hydraulic conductivity causes chemical alteration and/or physical erosion
(Arnalds et al., 2001; Fontes et al., 2004) and the high water storage capacity dramatically
increases the weight of the soil that can be consequently involved in a landslide phenomena

(Terribile et al., 2000; Basile et al., 2003; Terribile et al., 2007).

1.1 Objectives and structure of the paper

In this study, we carry out a back analysis of the landslide event that occurred on January
10th -11th January 1997 on Camaldoli hill, located within the western sector of the territory of
Naples. To pursue this objective, we implement for the first time ever for the western area of the
city of Naples, the model STEP-TRAMM (Lehmann and Or, 2012), recently developed to simulate
the triggering of shallow rainfall-triggered landslides. It is a non-traditional physically based
landslide hydromechanical triggering model (LHT), linking key hydrological processes with
threshold-based mechanical interactions (Lehmann and Or, 2012). We carried out landslide
simulations to (i) obtain useful information about the hydraulic and physical conditions that

existed at the time of the failure of the slope and (ii) detect most critical areas of Camaldoli slopes
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where could possibly occur rainfall-triggered landslides. The idea to perform a back-analysis is
strictly related to the circumstance that field observations on Camaldoli hillslopes showed that the
same landslide detachment areas are often reactivated several times after the first occurrence.
Hence, the information about the condition of the slope at the time of a past landslide event is
required to (i) understand the dynamics and the extension of future failure mechanisms which
could happen on Camaldoli hill and (ii) be used as a basis for setting up flow-like risk mitigation
strategies aimed at defending both people living downhill (at the foothill of Camaldoli) and
infrastructures, but also as a basis for soil conservation management policy aimed at protecting
and preserving the very fertile (andic) soils settled on Camaldoli hill, having great agricultural
potential and ecological importance for the city of Naples.

The current study is organized as follows: in section 2 we describe the geological and
geomorphological settings of Camaldoli hill and we give a brief overview of landslide types and
landslide records in the studied area; in section 3 some basic elements about how the LHT model
works and what main theoretical differences it shows in comparison to other available models are
given; in addition, in section 3, we also quantify the parameter space of soil key properties,
required for the implementation of the LHT model. In section 4 landslide simulation results are
compared to the landslide susceptibility map of Camaldoli hill and we discuss the relevance of the

findings of the current study. The paper is closed in section 5 with summary and conclusions.

2. GEOLOGICAL AND GEOMORPHOLOGICAL SETTINGS OF CAMALDOLI HILL AND SLOPE
MOVEMENTS

Camaldoli hill is settled within the western part of the metropolitan area of Naples, having a
population density of more than 9000 inhabitants/km?. It has a height of 458 m a.s.l. and is
characterized by two main slopes having different aspect and very close to two highly populated
districts: Pianura at the western footslope and Soccavo at the southern one.

Geologically (the geology of), Camaldoli hill mainly consists of volcanic products originated by Plio-
Quaternary volcanism of the past 39 ky that markedly influenced the morphostructural setting of
the Neapolitan-Phlegrean district. Such an intense volcanic activity was essentially due to the
extensional tectonics that deformed the western margin of the Appenine and formed the graben
structure of Campanian Plain (Calcaterra et al., 2007; Ippolito et al.,1973; D'Argenio et al., 1973;

Finetti and Morelli, 1974; Bartole, 1984) (Figure 1). The stratigraphic sequence of Camaldoli hill is
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very thick and mainly composed of different primary volcanic deposits and old-landslide, slope,
plain and valley-bottom deposits related to water laid transport and slope movements. At the top
of the sequence, volcanic products younger than 15 ky (having an average thickness of about 10
m) are settled. In particular, the upper part of these materials is composed by poorly consolidated
and highly weathered soils, having a maximum thickness of 10m and homogenously mantling
Camaldoli hill (Calcaterra et al., 2007).

From a geomorphological point of view, the general subsidence of Phlegrean Field caldera
and the uplift of the central part of Neapolitan Yellow Tuff caldera played a crucial role in building
up the complex morphology of this area. In detail, Camaldoli hill represents the north-eastern rim
of the Phlegrean Field caldera, a morphological structure originated from two collapses related to
the Campanian Ignimbrite (39 ka De Vivo et al., 2001) and the Neapolitan Yellow Tuff (15 ka Deino
et al., 2004) volcanic eruptions (Calcaterra et al., 2007). The transverse profile of the hillslopes of
Camaldoli hill can be ideally subdivided into four different parts: summit plateau, main slope,
footslope, and basal plain. Because of its high to very high slope angle, the main slope is the only
sector (i) not to be inhabited and (ii) where landslides usually originate. The structural setting of
Camaldoli hill is characterised by two main fault systems, trending N-S and N8OE, and by another
subordinate N4OW system. The N-S system includes vertical faults, active at least between 39 and
15 ka, which downthrown to west the geological units exposed on the western slope of the
Camaldoli hill. The scarps exposed at the foot of the slope, bordering the Pianura plain to the east,
result from the morphological evolution of fault planes (Calcaterra, 2007).

In recent years, several episode of slope movements, occurred in Naples and in other
Campanian sites (January 1997, May 1998, September 2001, April 2002, December 2004 and
March 2005), caused damage and injuries and pushed earth scientists, land planners and decision
makers to develop studies aimed at evaluating landslide hazard and mitigating the related risks
(Calcaterra et al., 2007; Di Martire et al., 2012). Concerning this question, the Italian government
has declared the city of Naples, with a special emphasis on the Camaldoli hill, a national priority in
terms of landslide risk mitigation (Calcaterra et al., 2007).

Depending on geomorphological conditions and the material involved, different type of
landslides can occur on Camaldoli hill. In some cases, falls and topples take place on vertical or
near vertical rock cliffs. Nonetheless, slides evolving to flows are the most common type of
landslide and affect soil cover in the loosest surficial portion, in a thickness range between 0.5-1m,

which is poorly consolidated and is mostly exposed to weathering. The triggering factor of such
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shallow landslides is the occurrence of prolonged and/or intense rainfall phenomena.
Furthermore, there are additional noteworthy predisposing factors to take into account for
Camaldoli hill: (i) the negative effect of the anthropic activities on the slope, i.e. the presence of
mountain pathways that interrupt the hydraulic and physical continuity of the soil cover (Basile et
al., 2003) and modify the surface drainage network, (ii) the very high slope angle between 25° and
90° (in correspondence of vertical or subvertical cliff) and (iii) the andic features of the soil that, as
previously discussed, contribute to increase the susceptibility of the soil to be involved in
landslides. About the dynamics of landslides on Camaldoli hill, the involved material initially slides
downslope and, during its displacement, it can evolve in flow when it is channelized in the pre-
existent hydrographic network. Sometimes, the flowing material can only travel for short distances
and then it stops along the slope. Consequently, such a circumstance cause the partial or the total
temporary obstruction of the drainage pattern and a sudden deviation of the path of water. Even
if the evolution of slides into flows is not particular frequent, the high slide-flow risk on the
Camaldoli hill depends on the occurrence of such phenomena very close to the inhabited districts,
located immediately downslope the hill. A different evolution of these landslides can result when
the debris, which is stored within the deep and narrow valleys, is mobilized due to extraordinary
rainfall events so that landslides evolve into hyperconcentrated streamflow. In these cases, large
guantity of material, together with trees and solid wastes can flow till the mouth of the valley, as it
happened during two events on 15th September 2001 and 5th April 2002 (Calcaterra et al., 2007)

During the time span 1886-1996 the slope movements which occurred in Naples seemed to
progressively affect areas where urban expansion developed in the last ten years (Calcaterra et al.,
2007). In the years 1996-1997, during the winter, many episodes of shallow slides, sometimes
evolving to flows, happened on the Neapolitan hillslopes. The most important one occurred on
January 10-11 January 1997 on Camaldoli hill (Calcaterra and Guarino, 1999 a,b) when about 300
rainfall-triggered shallow landslides involved the soil of Camaldoli hill and caused severe damage

to man-made structures (Calcaterra et al., 2007).
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Pianura

Figure 1: Geological sketch and landslide inventory of the western urban area of Naples (after Calcaterra
and Guarino, 1999a). Explanation: (1) reworked pyroclastics, alluvial deposits, fills; (2) loose pyroclastics
younger than 15,000 years BP; (3) Neapolitan Yellow Tuff (about 15,000 years BP); (4) pyroclastics of the
pre-NYT volcanic activity (Stratified Whitish Tuffs, Breccia Museo, Piperno, Torre Franco Tuffs); (5) rim of
volcano-tectonic collapse (Phlegraean Caldera); (6) minor rim of volcano-tectonic collapse; (7) crater rim; (8)
main fracture; (9) translational slide; (10) flow; (11) fall; (12) translational slide — flow; (13) fall — flow; (14)
translational slide — fall. Contour interval 50m. (from Calcaterra, 2007. Modified)
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3. MATERIALS & METHODS

In this section we (i) illustrate the essential operating principles of the STEP-TRAMM model
that we implemented to conduct the current study, (ii) list the input parameter set required to
implement the model and (iii) present the input parameter space that we used for the selected

case study.

3.2 Modelling Rainfall Triggered Landslides: the LHT (Landslide Hydromechanical Triggering)
Model

The prediction of the triggering locations and the hydrological scenarios that predispose a
slope to unstable conditions is typically carried out by means of statistical model or physically
based models. The first ones link geomorphological and topographic features to the probability of
landslide occurrence (Guzzetti et al., 1999; Van Western et al., 2008), whereas physically based
models take into account the hydrological status and infiltration and subsurface water flow
pathways in order to link them with the mechanical status of a hillslope. These models are
conventionally based on the calculus of an indicator representing the mechanical status and the
landslide susceptibility of a slope, the so-called factor of safety (FoS), defined as the ratio between
resisting and driving forces acting on a slope. The FoS usually has a nonlocal definition within a
hillslope (described as an assembly of large regions with similar FoS) but, contrariwise, evidence
suggests that rainfall triggered landslides are abrupt and highly localized phenomena, whereby a
large mass of soil is suddenly mobilized without apparent warning signals (lverson et al., 2000).
Hence, to carry out our study we applied a physically based landslide hydromechanical triggering
(LHT) model which is publically available as software STEP-TRAMM (namely, STEP is the developing
group and TRAMM is the acronym of Triggering RApid Mass Movements-
http://www.step.ethz.ch/step-tramm.html), linking key hydrological processes with threshold-
based mechanical interactions (Lehmann and Or, 2012). Respect to other models, it incorporates
progression of local failures in a chain reaction culminating into hazardous mass release. Such a
model is based on the idea that the local failures, preceding the triggering of landslides, are
intended as real precursors of landslides themselves. In fact, local failures can be formed after a
significant rainfall event and essentially represent internal damage within the soil cover. Since

these “benign” internal local failures (i) can occur long before the whole soil mass is released and
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(ii) provoke a weakening of the soil, they can literally be intended as actual precursors of the
landslide process. In LHT model, the soil mantle overlying a hillslope is discretized into an assembly
of hexagonal-shaped soil columns that are mechanically interconnected and interacting with the
nearest neighbours by means of frictional and tensile mechanical bonds, represented by a bundle
of mechanical fiber elements (Peirce, 1926; Daniels, 1945; Lehmann and Or, 2012), mimicking the
mechanical behaviour of different soil elements (e.g. friction, cementing agents, capillary bridges,
plant roots). Moreover, a further mechanical bond joins the base of each soil column to the
bedrock surface (which is considered to be a preferential rupture surface). Each mechanical bond
has a prescribed strength threshold mechanics, governing the landslide triggering process, that
depends on soil type, water content state and root reinforcement (which generates additional
cohesion to the soil). In the model, the process of landslide initiation strictly depends on threshold
mechanics (Lehmann and Or, 2012). When the force on a given bond exceeds the basal friction
threshold, the rupture occurs. After the rupture of a mechanical bond, the excess load is
redistributed according to the load redistribution rule, governing the propagation of the rupture to
the nearest neighbour soil columns by means of lateral bonds. In particular, the load redistribution
rule defines the criterion to distribute and transfer the amount of excess load into two different
directions: downslope by means of “compressive bonds” and upslope (or laterally) by means of
“tensile bonds”. To determine an appropriate load redistribution rule for each soil type, Fan et al.
(2016) defined the stiffness ratio, K,/K;, a key parameter that quantifies the amount of load
redistributed to intact bonds and is defined as the ratio between the load redistributed to
downslope compressive bonds, K,, and the load redistributed to upslope tensile bonds, Kj.
Moreover, they also established links between such a theoretical stiffness ratio and measurable
soil mechanical properties (Young’s modulus E and Poisson’s ratio v, which express the brittleness
of a soil): in fact, large values of the stiffness ratio characterize soils with large E and small v, which
is typical of brittle materials (sand), whereas, small values of the stiffness ratio represent soils

having small E and large v, typical of ductile materials (clay) (Fan et al., 2016).

3.3 Landslide inventory data and input model parameter set

The previously described LHT model was applied to an area of interest enclosing both the
two main slopes of Camaldoli hill (southward and westward), having a total dimension of of 8.47

km?. We simulated one of the main rainfall-induced landslide events occurred on Camaldoli hill in
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order to detect the most susceptible area which could be involved in rainfall-triggered landslides.
The landslide event took place on 910" January 1997 and developed on both western and
southern slopes of Camaldoli hill. For such an event, we compared simulation results susceptibility

map (Hydrographic District of southern Apennines, 2015).

3.3.1 Event Description and Rainfall Information

The triggering rainfall event lasted 40 hours and was characterized by a cumulated rainfall of
110 mm, a hourly peak intensity of 10 mm and a mean intensity of 2.7 mm. This rainfall event was
preceded by a total cumulated precipitation of about 1000 mm in 4 months, which is a higher
value than the mean annual rainfall (Calcaterra et al., 2007). Such a rainfall event triggered more
than 300 landslides, mostly soil slide-debris flows, which essentially involved the loose soil of
pyroclastic origin (Calcaterra et al., 2007).

We ran landslide simulations by applying an input rainfall signal having a hourly time-
resolution and lasting the 40 hours preceding the event because (i) the triggering rainfall event
was not characterized by a very high and narrow rainfall peak over a shorter period of time and,
consequently, (ii) we hypothesize that landslides were triggered by the entire rainfall sequence
covering the 40 hours preceding the event (Figure 2). The input rainfall signal was extracted from

rainfall records by the Hydrological Annals (Idrographic Service of Naples, 1997).

Hourly rainfall recorded by Idrographic Service of Naples
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Figure 2: Rainfall sequence triggering the January 1997 landslide event. Such a rainfall amount was used as

input rainfall signal for landslide simulations.
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3.4 Input Model Parameters

In addition to the rainfall input signal, the LHT STEP-TRAMM model (Lehmann and Or, 2012)
required other information to be implemented for running landslide simulations. In the following,
we list such information and we specify typical rage of values for key parameters of Camaldoli
soils:

- Digital Terrain Model (DTM) to compute water flow and surface runoff: we used a DTM with
5x5m resolution cells obtained from Technical Regional Map (2004) (scale 1:5000).

- Vegetation pattern for the assessment of lateral root reinforcement: it simply consists of two
classes, i.e. grassland and forest. We produced such a map by modifying the original land use map
(Comune di Napoli, 1999) and by assigning it binary values representing vegetated and non-
vegetated areas.

- Hydraulic functions to compute water flow. For sake of simplicity, we link Brooks and Corey
(1964) soil hydrologic parameterization with the Lu et al. (2010) formulation for unsaturated soil
strength so that the characterization of soil specific hydromechanical properties is based on one
single parameter A, obtained from the Brooks and Corey model (1964) describing soil water
characteristic curve (Lehmann and Or, 2012). Each soil textural class is characterized by a typical
value of the parameter A (Rawls et al., 1982), which is also known as “pore size distribution index”.
For the selected case study, object of this paper, the predominant soil textural classes of the
catchments were obtained from granulometric curves available in literature (De Riso et al., 2002).
In Figure 3 we show that the prevalent soil textures are loamy sand and sandy loam.

- Initial soil water saturation degree: we varied the value of this parameter in the range 20%-40%,
extracted from literature data (De Riso et al., 2002) and representing typical water saturation
values for Camaldoli soils during the winter season.

- Soil key mechanical properties are internal friction angle, mechanical soil cohesion, and root
reinforcement. Camaldoli soils are characterized from the following values that we extracted from
literature data (De Riso et al., 2002) and that we used to perform landslide simulations:

- friction angle varied in the range 30°-40° depending on soil texture: in particular, finer soil (i.e.
sandy loam) were characterized by low internal friction angle (30°-35°), whereas coarser soil (i.e.
loamy sand) showed typical highest friction angle values (35°-40°);

- soil cohesion varied in the range 2-4 kPa. Such values were obtained from field measurements
covering a time span of two years;
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- additional root cohesion 500-3500 kPa. Such values were hypothesize by considering the

different species of vegetation characterizing Camaldoli hill.
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Figure 3: Soil textural classes according to USDA (2006) for Camaldoli field samples (data from De Riso et
al., 2002)

4. RESULTS AND DISCUSSION

In this section, we show results of 26 simulations that we ran in order to (i) explore the
sensitivity of key input parameters on landslide triggering, (ii) identify one or more input
parameter set mostly representative of slope conditions at the time of the simulated landslide
event (January 1997) and (iii) identify most critical zone of Camaldoli hill to be involved in
landslides of the same type of the ones occurred on January 1997 (i.e. flow-like landslides). Among
the 26 simulated scenarios, having different parameter sets in accordance with literature data
(Table 1), 18 resulted in simulated landslides (having a variable pattern depending on the input
parameter set), 1 did not simulate any landslide and 7 made the entire system unstable from the
beginning of the rainfall event so that simulations stopped because more than 15% of the total
study area failed (which is a non-realistic scenario). The computation time for scenarios that we
tested was between 4 and 5 hours, depending on the number of load redistribution and chain
reactions occurring during the rainfall event. For all simulations, we used an input rainfall signal
with a hourly resolution having a total duration of 40 hours (cfr. Section 3.3.1 and Figure 2). In
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figure 4 we report a typical landslide dynamics for one of the simulation carried out in this study to
show that simulated landslides were triggered at the end of the rainfall event lasting 40 hours and
that the trend of the triggered landslide volume was consistent with the amount of rainfall (the
same for simulated landslide areas — data not shown). Since we were interested in exploring a
certain range of soil properties and since the study area was relatively wide (8.47 km?), we set the
numerical resolution (i.e. the space resolution of the numerical grid) to 10 m not to increase (even)
more the computation costs. In figure 5, we show an illustrative example of one simulation for
Camaldoli hill with soil textural class sandy loam, soil cohesion 2 kPa, root strength 500 Pa, initial
water saturation degree 20%, internal friction angle 35°. Depending on the input parameter set
that we chose on the basis of reference values from literature (cfr. Section 3.4 and Table 1),
simulated landslide areas had a greater or smaller extension than the ones reported in Figure 5. In
Table 2 we report the cumulated landslide area for each simulated scenario. The 18 scenarios
which resulted in landslides provided a total extension of the landslide area in a range between 10°
2 km? and 10° km?, depending on the input parameter set (Table 2). For the January 1997 landslide
event, only the order of magnitude of cumulated landslide area, which is 10" kmz, was available
because not all the detachment areas were surveyed in the field immediately after the event and
often the rapid vegetation growth obliterated the real limit of the detachment areas, making
impossible an exact evaluation of the total detachment area. Among the 18 simulated scenarios,
10 scenarios predicted a cumulated landslide area in good accordance the aforesaid order of
magnitude from inventory, 4 simulations gave a cumulated area one order of magnitude smaller
than value from inventory and the lasting 4 simulations predicted a landslide area one order of
magnitude greater than value from inventory (Table 2). Notwithstanding the limited numerical
resolution, the model reproduced a landslide pattern in good accordance with the real landslide
pattern from inventory, by detecting most critical and weakest zones of Camaldoli hill (Figure 5)
where flow-like landslides could be triggered if a rainfall event occurred with rainfall
intensity/duration similar to the simulated one. Furthermore, the model generated localized
patterns of mass release in the exact position or in the strict vicinity of real landslides (in a range
of distance between 0 m and 40 m from real landslides) (Figure 5). We also underline that, due to
the georeferentiation process, it is probable that the landslide positions of the inventory have an
associated error of about 10 m.

By considering that simulated mass releases represent the weakest zones of the hill and

hence the most susceptible areas where landslides could occur, we compared simulated landslide
. ]
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extension with the landslide susceptibility map available for Camaldoli hill (Hydrographic District of
southern Apennines, 2015) (Figure 6). In particular, such a susceptibility map is classified in 4
different classes: |y (no susceptible areas), 1; (low susceptibility areas), I, (medium susceptibility
areas), I3 (high susceptibility areas). The susceptibility map resulted from the implementation of a
semi-probabilistic approach (Amanti et al., 1996) which clusters the original area into 4 different
classes (i.e. lg, 13, I, and I3) by applying the natural break method (Jenks, 1967). Such a method is

essentially based on the slope angle as main landslide predisposing factor.
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Figure 4: Relationship between rainfall intensities (blue histogram) and failure dynamics (orange histogram)
for one of the simulations carried out in this study. Numbers on x axis refer to the hourly time steps of the
input rainfall signal. The rainfall event represented by the blue histogram coincides with the rainfall event

reported in figure 2 that triggered the January 1997 landslides.
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Figure 5: Landslide map of the study area for simulation with soil textural class sandy loam, soil cohesion

2kPa, root strength 500Pa, intial water saturation degree 20%, internal friction angle 35°. The input rainfall
signal had a hourly resolution with a total duration of 40 hours. Total study area is 8.47 km”. In yellow,

locations of landslides from inventory, whereas, red areas are simulated landslides.
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Total studyarea[km?] 1% L% L% I;%
8.47 56.41 10.12 22.02 11.45

Figure 6: Distribution of the entire area of interest in the classes |, (grey areas), 1, (green areas), 1, (yellow
areas) and I3 (red areas) of the susceptibility map for Camaldoli hill (Hydrographic District of southern
Apennines, 2015). In the study area of Camaldoli hill, having a total dimension of 8.47 km?, about the 56%

of the total area falls in class Iy, the 10% in class 1, the 22% in class I, and the 11% in class ;.
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Among the 26 simulation results, we discarded the 8 non-realistic scenarios listed in Table 2
(i.e. 7 scenarios resulting in more than 15% of total study area being involved in landslides and 1
scenario that did not result in any landslide). The findings of remaining 18 landslide simulations
are summarized in the following:

- in comparison to the order of magnitude of the total landslide area of the event, which is
10 km?, simulations carried out by adopting the soil textural class sandy loam, were much
more realistic, in terms of total simulated landslide area, resulting in cumulated landslide
areas of the same order of magnitude of cumulated landslide area of the January 1997
event.

- Loamy sand texture revealed less realistic scenarios than sandy loam: in fact, all of the 7
simulations resulting in more than 15% of total study area being involved in landslides
were carried out by using this soil texture.

- Model results were very sensitive to soil textural class (as previously discussed), soil
cohesion and initial water saturation. In particular, for sandy loam soil texture, an increase
of the initial soil cohesion of 2 kPa caused a decrease of the cumulated landslide area of
one or two orders of magnitude. Moreover, by considering the total simulated area for
sandy loam, possible soil cohesion values that predispose the hillslope to the instability
were around 3 kPa. In fact, the soil cohesion value of 4 kPa that we tested for sandy loam
gave too small simulated area for simulation number 15 and 5 and did not produce any
landslide for simulation number 22; on the other side, soil cohesion values of 2 kPa
resulted in too high simulated area up to one order of magnitude bigger than cumulated
landslide area from inventory (simulation numbers 1, 11, 20, 21).

- root reinforcement and internal friction angle were less important than soil textural class,
soil cohesion and initial water saturation in affecting simulation results.

- Overall, simulations carried out by applying lowest values of the stiffness ratio (i.e. K,/K:=0
and K,/K;=1) resulted in predicted area more extended than the ones obtained by applying
K»/K1=2, both for sandy loam and loamy sand texture (Table 2), but more simulations
would be required in order to confirm this first indication, suggesting that the soil involved
in landslides on Camaldoli hill at the time of 1997 landslide was characterized by a low
ductile behaviour. In fact, we remind that lowest values of the stiffness ratio are usually
associated to ductile materials, whereas highest values represent brittle behaviour (cfr.

Section 3.2).
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Furthermore, the analysis of the distribution of simulated landslides resulting from the 18
realistic scenarios within the 4 susceptibility classes of the susceptibility map revealed that
simulated areas were clustered not only in I3 class of the map but within all of the different
susceptibility classes. On average, for all of the 18 simulations, around the following values: 15% of
simulated landslide areas falls in class I3, the 50% in class |, the 20% in class |; and the 15% in class
lp (Table 2). We highlight that the ostensible underestimation of landslide area in class I3 and the
ostensible overestimation in class I; and I, could be possibly due to: (i) a methodological gap
between the semi-probabilistic approach used (Jenks, 1967; Amanti et al., 1996) to calculate the
clustering into the different 4 susceptibility classes and to produce the susceptibility map
(Hydrographic District of southern Apennines, 2015) and the physically-based LHT model
implemented to predict landslides, considering not only the slope as landslide predisposing factor
but also hydrological, physical and mechanical properties of the soil; (ii) the circumstance that the

susceptibility map is not referred to the specific landslide event of 1997 that we simulated.
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. Soil Root . Initial stiffness
Soil textural Int. Frict

Nb. Cohesion Cohesion .. W.sSat. ratio
class angle [°]

[Pa] [Pa] Degree [%] K,/K,
1 sandy loam 2000 1000 35 30 0
2 sandy loam 2000 3000 30 40 0
3 sandy loam 3000 1000 35 30 0
4 sandy loam 3000 5000 30 20 0
5 sandy loam 4000 1000 35 30 0
6* Loamy sand 2000 1000 35 30 0
7* Loamy sand 3000 1000 35 30 0
8* Loamy sand 3000 1000 40 30 0
9 loamy sand 3000 5000 30 10 0
10 Loamysand 4000 1000 35 30 0
11 sandy loam 2000 500 35 20 1
12 sandy loam 2000 1000 35 30 1
13 sandy loam 2000 3000 30 25 1
14 sandy loam 2500 3500 30 25 1
15 sandy loam 4000 1000 35 30 1
16* loamy sand 2000 1000 35 30 1
17* loamy sand 3000 1000 35 30 1
18* loamy sand 3000 1000 40 30 1
19 loamy sand 4000 1000 35 30 1
20 sandy loam 2000 1000 35 30 2
21 sandy loam 2000 3000 30 25 2
22%%* sandy loam 4000 1000 35 30 2
23 loamy sand 2000 1000 35 30 2
24 loamy sand 3000 1000 35 30 2
25 loamy sand 3500 500 35 22.5 2
26 loamy sand 4000 1000 35 30 2

Table 1: Input parameter set of the 26 simulations carried out with the STEP-TRAMM model. The three block
are for the three different stiffness ratio that we used (i.e. 0, 1, 2).

* Scenario producing more than 15% of landslide areas. ** Scenario that did not produce landslides.
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Tot. simulated . .
% areain %areain % area

Nb. landslide area % areain|, .
2 Iy 1, inl;
[km’]
15 0.005 11.28 15.18 60.43 13.10
26 0.013 20.07 16.54 43.19 20.20
2 0.031 21.16 20.38 47.59 10.87
5 0.061 16.32 17.14 49.63 16.91
4 0.160 17.56 18.00 51.04 13.40
13 0.308 19.37 18.89 50.34 11.40
14 0.308 19.32 18.89 50.34 11.45
19 0.432 13.35 15.65 54.71 16.28
3 0.497 18.00 16.41 48.46 17.13
21 0.503 20.56 20.18 48.83 10.43
25 0.543 17.52 17.06 50.39 15.04
10 0.664 14.68 14.48 54.92 15.92
20 0.695 19.27 18.98 49.59 12.16
11 0.735 20.26 17.11 49.38 13.26
12 1.072 16.00 15.86 52.08 16.06
1 1.147 16.18 15.47 52.10 16.25
9 1.189 14.67 14.17 48.88 22.28
24 1.317 17.49 16.29 48.14 18.08
22 no simulated landslides
6 more than 15%
more than 15%
8 more than 15%
16 more than 15%
17 more than 15%
18 more than 15%
23 more than 15%

Table 2: Overview of the distribution of simulated landslide areas (based on parameter set from Table 1)
within the classes Iy, 15, 1, and I3 of the susceptibility map (Hydrographic District of southern Apennines,
2015). Numbers in the first column refer to simulation numbers of Table 1. Simulation results are sorted by

increasing total simulated landslide area.
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5. SUMMARY AND CONCLUSIONS

Camaldoli hill (Southern Italy) is strongly exposed to rainfall-triggered landslide risk because
of its geological and geomorphological setting, the pedological features of shallow soils mantling
its hillslopes and its position within the municipality of the highly populated city of Naples. In this
framework, we carried out landslide simulations by implementing a recently developed physical
based LHT model, i.e. STEP-TRAMM. Our aim was to (i) evaluate the hydraulic and physical
conditions that existed at the time of one of the main event occurred on Camaldoli hill and (ii)
detect most susceptible area of Camaldoli slopes that could possibly be involved in rainfall-
triggered landslides.

To simulate landslide triggering, it is required to study a certain range of soil properties. For
large catchments, modelling different scenarios to determine most representative soil properties
immediately before the rupture is time consuming. Due to the high computation time, we carried
out 26 simulations with a limited numerical resolution (set to 10m). Nonetheless, the model was
able to reproduce the main characteristics of landslide pattern and to predict landslides in the
exact position or in the strict vicinity of landslide from inventory. Furthermore, cumulated
landslide areas, predicted by the model, were in good accordance with inventoried cumulated
area. Since mass releases occur in the most susceptible areas of the hillslopes, we compared
simulated landslide areas with the official susceptibility map available for Camaldoli hill
(Hydrographic District of southern Apennines, 2015) and we found that, for the input parameter
sets that we chose, the simulated areas were in fairly good agreement with the susceptibility map.
On average for the simulations that resulted in landslides, the 15% of total cumulated landslide
area was located in the highest susceptibility class, the 50% in the medium and the 20% in the low
susceptibility class. The distribution of simulated landslide areas within susceptibility classes 12 and
I1 (and not only in the highest susceptibility class 13), was probably due to a discrepancy in the
methodologic approach of the model applied to produce the susceptibility map and the LHT model
that we applied to predict landslides.

We found more realistic scenarios by using (i) a sandy loam texture and (ii) soil cohesion
values around 3 kPa. Root reinforcement and internal friction angle were less important than soil
textural class, soil cohesion and initial water saturation in affecting simulation results.

Predicted cumulated areas were of the same order of magnitude or cumulated area from
inventory for simulations carried out by applying K,/K:=2, which could be a clue of a not very
ductile rheological behaviour of the soils involved in landslides on Camaldoli hill.
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This results represent an indication of which could be weakest regions and which could be
possible triggering scenarios on Camaldoli hillslopes, if a rainfall event, similar to the one that
triggered the landslides of January 1997, occurred. However, more simulation of other possible
triggering scenarios would be required and strongly encouraged in order to systematically explore
the sensitivity of the input parameters on predicted landslides and to shrink the range of possible
scenarios existing immediately before the triggering of the landslide event. Nonetheless, these
results were unexpected because this is the first implementation ever of a landslide model for
Camaldoli hill and also because we utilized a “non-traditional” and innovative LHT model, linking
key hydrological processes with threshold-based mechanical interactions.

We highlight that the prediction of the occurrence of hazardous landslide phenomena in the
vicinity of urban and highly populated districts, which are currently still in expansion (Di Martire et
al., 2012), makes the evaluation of landslide hazard assessment of Camaldoli hill a crucial task to
help decision makers and land planners to manage landslide risk in the metropolitan area of
Naples and to protect the very fertile soils of Camaldoli hill, which represent a great agricultural

potential for the city of Naples.
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3

Relationship between soil depth and plan curvature of flow-like

detachment areas at Mt. Camposauro (southern Italy)

The work included in the third chapter was developed in collaboration with Dr. M. lamarino,
Dr. P. Moretti, Prof. F. Terribile, Dr. G. Turco and Prof. S. Vingiani of the Department of Agricultural
Sciences (DIA) - University of Naples Federico Il. In this study, within the general framework of
evaluating the potential applicability of STEP-TRAMM to other Campanian environments, we made
a preliminary estimation of the soil depth variability in detachment areas of landslides occurred on
the northern slope of Mt. Camposauro (southern Apennines), where landslides involve Andosols.
The estimation of soil depth variability in this region of interest is an essential requirement to
implement dynamic landslide models. At the local scale, we measured soil depth in 10
representative detachment areas of flow-like landslides, selected from the IFFI archive. Then, we
evaluated the relationship between soil depth and plan curvature (a geomorphological index
which affects the erosion-deposition processes of the soil-forming materials) of the considered
slope. Such a relationship showed that soil depth increases (i.e. from 0.40 to 0.54 m of soil depth)
from the watershed (class 1) to linear slope (class 5) and then decreases (i.e. from 0.54 to 0.23 m)
from the linear slopes (class 5) to the ridges (class 9). The described relationship would be useful
to estimate indirectly soil depth on the entire slope. we spatialized such information by means of
guantitative morphological indices. In general terms, our study revealed that the distribution of
the soil was very complex and that the soil depth varies as a function of the different
geomorphological contexts on the hillslope. Such important variability, presently is not considered

by the model; thus STEP-TRAMM cannot be efficiently applied to this study area.
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Introduction

The territory of Campania region (southern Italy) is highly exposed to hydrogeological risk
(Palmieri 2011, 2011). In particular, flow-like landslides (Hungr et al., 2011) represent one of the
most severe and dangerous geohazard of Campania region. Besides the geomorphological,
hydrological and physical landslide predisposing factors commonly recognized (Del Prete et al.,
1998; Calcaterra et al., 1999; Guadagno et al., 2005; Di Crescenzo and Santo, 2005; Cascini et
al., 2008; De Vita et al., 2013; Cascini et al., 2008; Cascini et al., 2010; De Vita et al., 2013),
in recent studies soil scientists suggested that the occurrence of flow-like landslides is also related
to the presence of andic soils (i.e. soils affected by andosolization process). Indeed, in different
environmental ltalian contexts, in particular for Campania region, flow-like landslides are related
to the presence of Andosols (IUSS Working Group WRB, 2015), suggesting a pedological control on
flow-like phenomena (Basile et al., 2003; Scognamiglio et al., 2016 a,b; Scognamiglio et al., in
preparation; Terribile et al., 2000; Terribile et al., 2007; Vingiani et al., 2015). In fact, Andosols are
characterized by a peculiar set of chemical, physical, hydrological and mineralogical properties
that predispose the soil to instability. Among the main properties of Andosols related to flow-like
landslides, there are (i) large porosity, (ii) low bulk density, (iii) friable consistence and fluffy
structure, (iv) high water retention capacity and hydraulic conductivity at quasi-saturated and
saturated conditions, (v) short range order clay minerals (such as allophane, imogolite and
ferrihydrite), (vi) high susceptibility to soil liquefaction (Nanzyo, 1993 and 2002; Picarelli et al,
2008). Therefore andic soils are very fragile and highly susceptible to land degradation processes,
such as erosion (Arnalds et al.,, 2001; Fontes et al., 2004) and landslides (Basile et al., 2003;
Scognamiglio et al., 2016 a,b; Terribile et al., 2000; Terribile et al., 2007; Vingiani et al., 2015).

In this work, we focus our attention on flow-like landslides involving the mountain forest
environment of the northern slope of Mt. Camposauro (southern Apennines), in the Telesina
Valley (Campania region). This area is of primary interest for flow-like landslides that often occur in
the colluvium and threaten the inhabited districts located immediately downslope. The mountain
environments of the northern slope of Mt. Camposauro could be predisposed to flow-like hazard
because of the four following reasons: (i) the soil map of Telesina Valley (Regione Campania,
2002) reveals the presence of Andosols on this slope, (ii) the north aspect of the slope could be an
indirect landslide predisposing factor because frequently soils settled on north facing slopes are

considerably deeper than those on south facing slopes (Terribile et al., 2007). The high thickness of

Chapter 3 Pag. 57



the soil could provide a significant potential of water storage, responsible of great weight and high
pressure (both considered main landslide predisposing factors) on deepest layers (Scognamiglio et
al., in preparation; Terribile et al., 2007; Vingiani et al., 2015); (iii) the northern hillslope of Mt.
Camposauro is characterized by high and very high slope angles (20-45°); (iv) the frequent road
cuts of the pedo-continuity act as a risk factor because they can cause hydraulic anisotropy (Basile
et al., 2003).

In this framework, the estimation of the soil depth is an essential factor to take into account
for the evaluation of the landslide susceptibility in this environment. Furthermore, information on
soil thickness are also necessary towards practical applications, such as the implementation of
landslide dynamic models, taking into account the role of the soil depth in affecting the landslide
susceptibility. Geographic Information Systems (GIS) allow the management of study areas
information to carry out a geo-morphometric analysis of the sites with determination of the main
morphometric parameters. The importance of this information is due to the fundamental role of
the topography in conditioning the processes of the hydrological and erosive cycle of the
mountain basins. From the basic parameters, more articulate indices (such as profile curvature,
plan curvature and topographic wetness index) have been developed. Particular interpretative
meaning has the plan curvature of the slopes, which shows the variation of the slope shape in the
space.

Hence, since soil depth is considered to be an important landslide predisposing factor, the
aim of this work is to estimate soil depth on the north-facing slope of Mt. Camposauro, in areas
both involved and potentially involved by landslide phenomena. In order to properly implement
such information in dynamic landslide models, we measured soil depth in 106 points distributed

within 10 landslide areas representative of different sectors of the slope.

Environmental setting

By the geological point of view, the Telese Valley is an intra-apennine graben approximately
East-West oriented. Two main sectors (East and West) divided by a N-S oriented fault were
identified. The valley is bordered by an important fault, almost entirely buried, along which the
carbonatic massif of M.te Camposauro is built. Such tectonic complexity results in a strong
asymmetry of the valley. In the northern sector there are apennine (NW-SE) and anti-appennine

(NE-SW) faults.The foothill deposits of the M.te Camposauro are very gravel, in alluvial fan facies
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(consisting of limestone and calcareous-dolomitic clasts in a matrix of volcanic origin). The oldest

fan deposits rest on cemented breccia.

LMt éan‘iggsaurb
(southern Apeninnes)

wE T R sy

Figure 1: North facing slope of Mt. Camposauro. The inset shows the location of the study area in Italy.

On the basis of the soil map (Regione Campania, 2002), both the Intermountain Plain System
(mainly represented by foothill detritic-colluvial areas) and the Apennine Mountain System (made
by limestone relief) are involved by the flow-like landslide phenomena.

The transition area between the Mt. Camposauro and the alluvial plain of the Calore River
includes the alluvial fans and detritic deposits originated from the dismantling of the mountain
relief. Here pyroclastic deposits (primary or reworked deposits) alternated with coarse calcareous
sediments (i.e. breccia). Altitudes are between 60 and 400 m asl. The environment of the
mountain relief is characterized by high-to-very high energy, where the slopes are straight to very
steep, often with gorges. Altitudes are typically between 150 and 1390 m asl.

The forestry cover of the Telese Valley has an extension of 6082 ha, 3038 of which are
located on the orographic left of the Calore River and cover the M.te Camposauro. The forests of
orno-ostriets occupy 1850 ha of the wooded area and represent the forestry type mainly present
in the study area. They include species with a high degree of rusticity and ecological flexibility,
such as the black horn and the ornate. This category includes both mesophilic and mesoxerofile

orno-ostriets. Formations are mainly cedar, but they are also found in neo-formed secondary
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forests. These formations have a high ecological spectrum and are spread in different altimetric
ranges (between 95 and 1235 m asl), different soils and geomorphological conditions.
Subordinately, beechwood (755 ha, altitude between 1025-1180 m. asl), planks (188 ha, altitude
between 540-825 m asl), chestnuts, mesophiles and fruit (196 ha altitude between 545 and 1015

m asl), and oaks (roverella) (50 ha) are also found.

Materials and methods

The identification and selection of the studied landslides was done from the IFFI database
(APAT, 2006) and the risk map of Riserva Liri-Garigliano and Volturno basins (Autorita di Bacino
dei Fiumi Liri-Garigliano e Volturno, 2003). Using as basis the DTM Lidar, with a resolution of 10 m,
we crossed different layers in order to identify the environmental context of these landslide. In
details, we used the: i) geo-lithological map, ii) soil map (Regione Campania, 2002), iii) forestry
cover map (Cona et al., 2013). GIS system (QGis 2.18.12 version) was used to overlap the different
layers.

The field survey has been carried out on 10 landslide areas, representative of the different

geomorphological sectors of the slope. In particular, we have i) directly measured soil depth in 106
georeferred points (102 points in detachment areas and 4 in accumulation deposits) and ii)
described and sampled (following FAO, 2006) 3 soil profiles, in 2 detachment areas (Figure 2).
Each measurement of soil depth has been performed in triplicate by means of a pointed iron spar
(having a length of 150 cm and a diameter of 1 cm), which was vertically inserted in the soil with a
beating mass, avoiding soil anomalies (such as animal nest, holes, fractures), thick plant roots and
highly gravel rich zones.

Soil analyses were performed on 3 soil profiles (12 soil horizons, in total) in order to evaluate
the presence of andic soils within landslide detachment areas. The choices of detachment areas to
be sampled along with each specific sampling site were done considering both easy access and
good soil conservation status. Bulk samples after air (25°C) drying for 2 weeks were sieved to less
than 2 mm and used for further analyses (USDA-NRCS, 2004): pH was potentiometrically measured
on 1:2.5 soil/water ratio suspensions; soil organic matter was determined following Walkley &
Black procedure (Walkley, 1947); a selectively extraction has been performed by ammonium
oxalate (Feo, Alo, Sio,) treatment at pH = 3 (Schwertmann, 1964; Blakemore et al., 1987) in order

to calculate the Alo+0.5Feo (%) index, since it represents a base parameter for the andic soil
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identification. Feo, Alo, Sio content levels were determined by inductively coupled plasma atomic

emission spectroscopy (ICP-AES) Varian Liberty model 150.

Geomorphological indices analyses

Geographic Information Systems (GIS) allow the management of study areas information to
carry out a geo-morphometric analysis of the sites. The first GIS analyses concerned the
determination of the main morphometric parameters such as slope, exposure, etc. The
importance of these information is due to the fundamental role of the topography in conditioning
the processes of the hydrological and erosive cycle of the mountain basins. From these simple
indices, more articulate indices (such as profile curvature, plan curvature and topographic wetness
index) have been developed. Among these three indices, it was decided to use the plan curvature
for spatialization of the soil thicknesses. In fact, it was considered that the shape of the slope
(identified by the plane curvature calculated orthogonally to the maximum slope line) is among

the geomorphological factors mostly affecting the erosion-deposition processes of the soil-

forming materials.

-

M§ id. *&-;g:.{( )
Figure 2: Landslide location on northern slope of Mt. Camposauro (from IFFl archive, 2007; modified).
Legend: detachment areas in red, channels in yellow and accumulation areas in green. Light blue points

represent the positions of the survey points. Yellow diamonds represent the position of the 3 soil profiles.
Highlighted text represents the name of soil profile (in yellow, P1, P2, P3) and of soil surveys (in light blue,
T1,T2,7T5 77, T8, T9, T10).

The curve calculated orthogonally to the slope line provides an important measure of
convergence and divergence of the outflow and is often used in literature as an index for the
classification of ridges and channels. Areas with a concave surface can be associated with a

convergent flow type, while convex shapes can be related to a divergent stream.
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Results and discussion

On the basis of the risk map of Riserva Liri-Garigliano and Volturno basins (Autorita di Bacino
dei Fiumi Liri-Garigliano e Volturno, 2003), we estimated total area affected by landslides in the
entire Telesina Valley amounts to 1885 hectares, which represents less than 10% of the total area
(corresponding to 21,000 hectares). The different types of landslide which occur in the Valley are
the following: rotational slides, soil creeps, deep gravitational slope deformations and flow-like
movements (generally debris flows). Within these different landslide types, debris flows represent
16.3% (307 ha) of total valley, of which the 97% (298 ha) lies on the northern slope of Mount
Camposauro.

From the comparison of the geo-lithological map and the landslide hazard map of Liri-
Garigliano and Volturno basins (Autorita di Bacino dei Fiumi Liri-Garigliano e Volturno, 2003), flow-
like phenomena affecting the northern slope of Taburno-Camposauro massif, having a regular and
straight profile, happen where the substrate of the detachment areas is represented by: 1)
compact limestones (green regions in Figure 3) and 2) breccia or colluvium (brown regions in
Figure 3). Accumulation areas are generally settled in the geo-lithological unit of "fan deposits"

(light blue areas in Figure 3).

S e ‘ : SR ,
R Dl M‘.ﬁf&v\{

Figure 3: Distribution of the landslide areas in the lithological map. We represented detachment areas in
red, channels in yellow and accumulation areas in green. Green regions represent limestone, brown areas
are breccia or colluvium, pink regions are not cemented gravel and light blue are fan deposits. Light blue
points represent the location of the soil depth surveys. Yellow diamonds represent the position of the 3 soil

profiles.
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With respect to the slope gradient map (Figure 4), the detachment areas and sliding
channels are located in region of the slope having a gradient ranging from 36% to over 60%,
whereas the accumulation areas lie at slopes ranging from 12 to 36%. Furthermore, the highest
elevation of landslide detachment areas is 1060 m asl, whereas the accumulation areas extent

between 300 and 70 m asl.

i h‘ -(4&._ \-..f;—v “* .LW

Figure 4: Landslide areas in the slope gradient map. We represented detachment areas in orange, channels

in brown and accumulation areas in green. Codes are the names of the surveyed points. Numbers in the

legend refer to slope angle (degrees).
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The evaluation of the position of landslides in the forestry cover map (Figure 5) reveals that
flow-like phenomena are concentrated in the mixed forest (pink regions in Figure 5) for a total of

296 ha; beech cover (violet regions in Figure 5) are affected only for a total area of 1.86 ha.

Figure 5: Distribution of the landslide areas in the forestry cover map. We represented detachment areas in

red, channels in yellow and accumulation areas in green. Pink regions represent mixed forest, green regions
are chestnut forest, violet regions are beech and dark pink areas represent oak forest. Light blue points

represent the location of the soil depth surveys. Yellow diamonds represent the position of the 3 soil profiles.

Soil properties

From the morphological and chemical analyses conducted on the three soil profiles P1, P2
and P3 resulted that the organic matter content is very high in the upper horizon and decreases
rapidly with depth, as expected for forestry soils. Furthermore, soil reaction is generally slightly
alkaline on the surface, but increases with depth until moderately alkaline. Variable is the coarse
fragments (generally carbonatic) content in the soil, from common (9-10%%) to many (22%) on
the soil surface. However, the soil matrix is non-calcareous. The Alo+0.5Feo index results generally
higher than 2%, except for the P3, and is very high for the P1 (from 2.4 to 3.3%). As known, the
Alo+0.5Feo index is a key parameter for andic properties identification. Therefore, data of
chemical analyses confirm the similarity of the analyzed soils with the Andosols reported by the

soil map (Regione Campania, 2002) (Table 2).
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Organic coarse

Profile  horizon depth (cm) colgr Alo*O.5F€o 1 tter (9 pHH,O fragments
(moist) %) kg @)
Al 0-20 7.5 YR 2.5/2 2.50 143.17 7.59 22
A2 20-55 7.5YR 3/2 3.27 41.24 7.84 5
P1 AB 55-70 7.5 YR 3/3 3.20 24.16 8.09
Bwl 70-90 7.5 YR 3/4 3.19 22.79 8.18 5
Bwbl 90-120 7.5 YR 4/3 2.43 9.36 8.38 9.5
Bwb2 120-140+ 7.5YR4/3 2.49 8.66 8.31 2.5
A 0-20 7.5 YR 2.5/2 1.72 72.48 7.72 9.6
P2 AB 20-40 7.5 YR 3/3 2.70 48.85 8.06 39
Bw 40-60+ 5YR 4/4 2.41 29.01 8.01 13.5
A 0-20 7.5 YR 2.5/2 1.32 93.6 7.4 8.5
P3 AB1 20-60 7.5 YR 2.5/3 1.29 45 7.44 2.8
AB2 60-80+ 7.5YR 3/2 1.46 41.9 7.44 5

Table 1: Results of morphological and chemical analysis on the horizons of the three soil profiles P1, P2, P3.

Relationship between soil depth and plan curvature

Soil surveys reveal that the soils of the detachment areas have an approximate depth of 50
cm (Table 2). These generally shallow soils are very likely the result of landslides and erosional
processes associated to the very high slope.

The plan curvature map was calculated for the entire northern facing slope of the Mt.
Camposauro, with the same DTM resolution (10 m). Then, from such map we extracted the value
of the plan curvature in correspondence of the surveyed points (Table 2). On the basis of a
geomorphological evaluation, we grouped plan curvature values in 9 main classes. The classes
correspond to different shapes of the slope, from the very concave form (watershed) to the
convex, to the ridge (Table 2). At each class is corresponding an average soil depth value

calculated from the soil depth measurements in that class (Table 2).

Chapter 3 Pag. 65



Table 2 : Soil depth (mean and standard deviation) and plan curvature data, grouped for classes of plan curvature.

.. Standard .
. Altitude Soil Plan Plan Ave.rage soil deviation Description of
Observation Slope (%) curvature curvature thickness . the plane
(ma.s.l.) depth(m) soil depth
value (-) class (m) (m) curvature class
T5ls 497 0.15 53.40 -86.38
T2bs 553 0.45 69.22 -83.63
T9ds 734 0.25 56.42 -80.44
T9es 736 0.50 56.42 -80.44 1 0.40 0.23 watershed
T8as 432 0.10 64.84 -80.26
T10ls 628 0.50 73.41 -79.02
Tles 586 0.45 51.43 -77.25
T7es 397 0.80 59.47 -76.28
T8hs 425 0.24 41.18 -70.95
T10es 610 0.38 72.95 -70.78
T8ds 434 0.35 54.45 -70.30
T5hs 506 0.30 75.52 -67.34
T5gsok 513 0.22 75.52 -67.34
T2ms 547 0.80 73.73 -66.08
Toffs 833 0.50 93.50 -65.27
T9bs 734 0.50 59.73 -64.25
T10ms 628 0.63 83.73 -63.29
T10ps 620 0.86 83.73 -63.29 area having
T2ds 544 0.65 78.94 -62.36 accentuated
T8fs 431 0.25 40.44 -62.11 2 0.47 0.30 concavity right
T8gs 425 0.70 40.44 -62.11 on the top of the
T7fs 388 0.47 67.06 -61.06 watershed
T10is 633 0.61 73.07 -59.97
T10qgs 618 0.33 92.86 -58.64
T10rs 616 0.05 92.86 -58.64
Tifs 594 1.35 44.32 -55.24
T5ns 496 0.19 63.09 -54.96
T10fs 622 0.43 87.82 -50.49
T2hs 550 0.85 60.38 -50.14
T2is 553 0.41 60.38 -50.14
T10ds 602 0.20 69.33 -49.60
T8bs 435 0.10 56.25 -48.99
T9bbs 822 0.64 76.68 -40.58
T9mms 821 0.70 74.17 -38.58
T9hhs 828 0.44 111.13 -37.49
T9dds 826 0.10 86.98 -33.25
T7hs 395 0.15 95.78 -33.23
Tl1s 589 0.55 45.17 -33.20
T9o0s 810 0.44 81.55 -31.45 3 0.44 0.21 low acce nt.uated
T9pps 805 0.44 84.79 -29.98 concavity
TOrs 776 0.61 69.55 -29.77
T9ls 744 0.20 60.69 -27.55
T10ns 633 0.32 82.00 -25.66
Tlas 588 0.75 54.74 -21.08
T7gs 399 0.22 67.33 -20.33
Talls 824 0.60 75.54 -18.33
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Table 2 (continued): Soil depth (mean and standard deviation) and plan curvature data, grouped for classes

of plan curvature.

. . Plan Plan Average soil Description of
. Altitude Soil .
Observation Slope (%) curvature curvature thickness the plane
(ma.s.l.) depth(m)
value (-) class (m) curvature class
Tibs 578 0.70 57.06 -15.27
T8cs 440 0.30 57.26 -15.12
T2cs 549 0.26 79.35 -15.12
T9aas 812 0.60 77.65 -13.89
very low
Tlms 593 0.44 57.33 -11.65 .
concavity,
Tofs 735 0.53 63.48 -11.58 4 0.58 0.21
towards the
T9gs 738 0.62 63.48 -11.58 .
linear slope
Tics 572 0.70 54.40 -9.54
T8es 431 0.50 56.06 -9.17
T9vs 797 0.75 67.87 -7.56
Tlis 591 1.00 47.90 -6.35
T9isthic 735 0.75 63.64 -2.71
T9as 732 0.35 58.96 -2.39
T10gs 625 0.32 68.65 -2.15
T9zs 803 0.60 70.44 -1.73 5 0.54 0.20 linear slope
Tlds 568 0.40 55.20 0.13
Tigs 595 0.55 42.31 0.97
Tlhs 578 0.82 42.31 0.97
T9ees 830 0.40 91.14 4.03
T9ns 758 0.70 66.27 9.30
T3Is 261 0.30 26.40 14.19
T9ps 767 0.96 65.34 14.84 .

) linear-convex
T3is 267 0.27 31.98 15.61 6 0.52 0.28 slope
T9ss 785 0.83 67.52 17.47 P
T2fs 540 0.20 62.87 19.20
T2gs 549 0.66 62.87 19.20
T9cs 735 0.32 72.72 20.08
Toiis 826 0.65 76.43 20.69
T7ms 406 0.15 43.76 21.00
T9us 793 0.52 69.72 21.20
T7Is 404 0.10 45.17 22.84
T9qgs 774 0.84 66.46 24.62

T10ss 614 0.35 77.43 25.66

|

T9os 760 0.45 64.56 25.96 7 0.45 0.20 ow convex
T10cs 600 0.67 73.67 31.96 slope
Tots 789 0.47 71.11 33.05

T3hs 271 0.30 25.22 35.83

TOhs 728 0.40 60.21 36.60

T2Is 553 0.55 76.28 45.25
T10hs 630 0.50 82.44 48.49

T9ms 744 0.34 66.56 49.85
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Table 2 (continued): Soil depth (mean and standard deviation) and plan curvature data, grouped for classes

of plan curvature.

B A Plan Plan Average soil Description of
A Altitude Soil .
Observation Slope (%) curvature curvature thickness the plane
(ma.s.l.) depth(m)
value (-) class (m) curvature class

T9ggs 828 0.32 106.78 52.74

T2as 551 0.32 88.35 54.26

T7is 401 0.23 40.81 56.44

T5is 506 0.25 72.27 56.52

T10as 575 0.30 69.00 59.12 3 032 0.10 very convex
T3gs 278 0.50 29.75 63.76
T9nns 814 0.48 77.03 66.21
T10bs 582 0.35 64.21 66.24

TSms 505 0.21 95.78 67.48
T100s 632 0.27 73.29 71.26

T9ccs 828 0.21 86.01 73.70

T5ps 491 0.18 60.32 73.83

T7as 397 0.20 34.00 74.77

T7ds 391 0.22 47.85 75.15 9 0.23 0.04 ridge
T2es 542 0.26 72.91 75.39

T50s 514 0.22 87.34 75.63

T7bs 400 0.23 54.95 75.68

T7cs 397 0.30 88.72 84.63

0.6

0.5 ~

0.4
0.3
0.2 -
0.1
0 - . T . T T | |
1 2 3 4 5 6 7 8 9

Plan curvature class

Average of soil depth [m]

Figure 6: Average soil depth for each plan curvature class
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The mean soil depth is lower (0.23 m) on the ridge (class 9) than in the areas of watershed
(class 1, mean depth = 0.40 m) and very convex (class 8, mean depth = 0.32 m) (Figure 6). As a
whole, soil depth increases (i.e. from 0.40 to 0.54 m of soil depth) from the watershed (class 1) to
linear slope (class 5) and then decreases (i.e. from 0.54 to 0.23 m) from the linear slopes (class 5)
to the ridges (class 9). The distribution of the soil thickness seems coherent with natural slope
processes affecting mountain environments. However, within each plan curvature class, values of
standard deviation (relative to the measured soil depth) suggest a high variability of soil depth.
Indeed, notwithstanding the similar shape of the slope within each class, soil depth can assume a
wider range than expected as a consequence of additional variables governing the
deposition/erosion processes (such as position on the slope, overlapping of different landslide
phenomena, etc.). In order to spatialize and estimate soil depth, we extended the plan curvature
classification (9 classes) to the entire region of interest (i.e. northern slope of Mt. Camposauro)
(Figure 7). In such a way, from the plan curvature values it would be possible to retrieve soil depth
values by means of the previously found relationship soil depth/plan curvature in regions of

interest.

Figure 7: Plan curvature map of the northern slope of Mt. Camposauro. Dark pixels represent low plan

curvature values, whereas light pixels are for high values of the plan curvature. Light blue points represent

the location of the soil depth surveys. Yellow diamonds represent the position of the 3 soil profiles.
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Conclusions

In this paper, we aimed at (i) evaluating the presence of andic soils within detachment areas
of flow-like landslides and (ii) preliminarly estimating soil depth on the northern slope of Mt.
Camposauro which is highly exposed to flow-like susceptibility. In fact, such a hillslope is
characterized by (i) the presence of andic soils which are strongly exposed to landslides because of
their peculiar set of physical and hydraulic properties; (ii) high and very high slope angles; (iii)
frequent road cuts interrupting the hydraulic and pedo-continuity.

Our approach was to (i) evaluate the andic properties of soils sampled in flow-like
detachment areas and (ii) measure soil depth in different sectors of such a hillslope in detachment
areas of flow-like landslides selected from the IFFI archive (APAT, 2006) and (iii) evaluate the
relationship between soil depth and plan curvature (a geomorphological index which is related to
the erosion-deposition processes of the soil-forming materials). We highlight that the estimation
of soil depth variability in a region of interest is essential to implement dynamic landslide models,
taking into account such a variability and hence ameliorating the evaluation of landslide
susceptibility. Moreover, soil depth is a well-known landslide predisposing factor. In fact, thick
soils are responsible of great weight and pressure on deepest layers, especially when saturated or
guasi-saturated. In this framework, the presence of andic soils could be an additional predisposing
factor, since they are very susceptible to slope processes, such as erosion and landslide
phenomena. The morphological and chemical analyses conducted on the horizons of the three
sampled soil profiles, confirmed the presence of andic properties in the detachment areas of the
surveyed landslides and are in agreement with the soil map (Regione Campania, 2002). The
relationship between soil depth and plan curvature showed that soil depth increases (i.e. from
0.40 to 0.54 m of soil depth) from the watershed (class 1) to linear slope (class 5) and then
decreases (i.e. from 0.54 to 0.23 m) from the linear slopes (class 5) to the ridges (class 9).
Notwithstanding the similar shape of the slope within each class, soil depth can assume a wider
range than expected as a consequence of additional variables governing the deposition/erosion
processes (such as position on the slope, overlapping landslide phenomena, etc.).The subdivision
in 9 classes of plan curvature was extended to the entire northern slope of Mt. Camposauro in
order to spatialize and estimate soil depth. By means of the previously found relationship soil
depth/plan curvature, it would be possible to estimate soil depth from the plan curvature value in

regions of interest.
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Since not only geomorphological factors affect the soil depth, which is the result of
combined factors, we highlight that the proposed approach, aimed at evaluating soil depth on
large areas where landslide susceptibility is diffused, could be integrated by introducing some
more factors which, together with the plan curvature, contribute to affect soil depth (e.g. position
on the slope, the elevation asl, overlapping of different landslide phenomena and other
environmental conditions). Such an improvement would ameliorate the estimation of the soil

depth, which, at the moment, is limited to one single parameter, i.e. the plan curvature.
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4

Andic soils and flow-like mass movements: cause-effect

evidence from Italy

The work included in the fourth chapter, was developed in collaboration with Dr. A. Basile
(National Research Council - Institute of Agricultural and Forest Systems in the Mediterranean -
CNR-ISAFoM) and Dr. M. lamarino, Prof. S. Vingiani and Prof F. Terribile (Department of
Agricultural Sciences - DIA - University of Naples Federico Il). In this study, within the general
framework of evaluating the potential applicability of STEP-TRAMM to other Italian environments,
we aimed at evaluating chemical, physical and hydraulic properties of different Italian soils
involved in past flow-like Italian landslides. We also evaluated the potential relationship between
andic soil features and flow-like landslides in the selected Italian environmental and geological
contexts. For such soils, we found out that despite the lithological heterogeneity of the bedrock
and other environmental diversities between the selected sites, the analysed soils show
remarkably similar properties. More specifically, we observed the existence of andic properties.
Such a circumstance suggests that the pedological control on flow-like landslides hazard is not
limited only at Campania region soils (as proved by previous researches demonstrating that
catastrophic Campanian flow-like were triggered on Andosols) but it is much more widespread
than previously thought. Furthermore, the analysed andic soils show another common property,
i.e. high water retention capacity, especially at saturated condition, which is typical of andic soils
and dramatically increases the weight and, consequently, the stability of these soils. Our findings
shed new light on the similarity of the materials involved by flow-like landslides (in Italy),
suggesting a pedological control on the flow-like hazard. Despite these important results, we
highlight that the diversity that we found regardless soil properties within the same soil profiles
was not implementable in the STEP-TRAMM model even if it could be one of the main
predisposing factors of flow-like phenomena. In fact, the contrast of hydraulic and physical
properties that we found between adjacent horizons could create the conditions to develop a

building up of diffuse positive excess pore pressure, responsible of the rupture.
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1. INTRODUCTION

Landslides are severe hazards for people and infrastructures all over the world (Alcantara-
Ayala, 2002). In particular, in the framework of catastrophic landslides, rainfall triggered flow-like
mass movements (Hungr et al., 2001) play a crucial role since they occur in different contexts all
over the world and, among all the natural hazard, they are one of the most dangerous because
they can cause significant damage of properties and loss of life. Furthermore, they can disturb the
natural ecosystem where they occur, by modifying the pre-existent hydrographic network and
obliterating soil and vegetation. In fact, flow-like landslides can potentially involve huge amounts
of soils typically having high water content and moving downslope with a velocity ranging from
very rapid to extremely rapid (i.e. 0.05-5 m/s according to Cruden & Varnes, 1996). Hence, their
rheological behaviour is assimilated to a real flow that, especially when channelled in the pre-
existent hydrographic network, can quickly and dangerously travel across large distances. In fact
these landslides seem to be provoked by soil liquefaction sometimes followed by a complete
fluidization (Picarelli et al, 2008, Iverson, 1997; Musso and Olivares, 2004).

It has been established that in Campania region flow-like mass movements are related to the
occurrence of Andosols (Basile et al. 2007; Terribile et al, 2007), typically developed over
unconsolidated volcanic ash-fall deposits (Somma-Vesuvius and Phlegrean field) and overlapping
Mesozoic carbonate series (Revellino et al. 2004; De Vita et al., 2006). These soils have a rather
unique set of morphological, chemical, physical and hydraulic properties including (i) large
porosity (ii) low bulk density, (iii) friable structure, (iv) high water retention capacity and hydraulic
conductivity near saturation, (v) short range order clay minerals (allophane, imogolite and
ferrihydrite), (vi) high organic matter content, (vii) soil solution typically rich in cations such as Si,
Al, Fe, Ca, Mg, K and Na, (viii) large reserves of easily weatherable minerals, (ix) high susceptibility
to soil liquefaction (Picarelli et al, 2008, Nanzyo, 2002) (x) vertical and lateral morphological
discontinuities (pumice layers) (Vingiani and Terribile, 2006). Such unique combination of
properties make these soils highly fertile (Leamy, 1984, Shoji et al., 1993; McDaniel et al., 2005)
but also highly susceptible to land degradation processes such as erosion (Arnalds et al., 2001;
Fontes et al., 2004) and landslide (Basile et al., 2003; Scognamiglio et al., 2016 a,b; Terribile et al.,
2000; Terribile et al., 2007; Vingiani et al., 2015; Vingiani and Terribile, 2006).

In recent years, soil scientists have assessed the presence of both Andosols and soils
exhibiting andic features in many non-volcanic mountain ecosystems (NVME) of the world under

different types of parent material and developed under different temperature and water regimes
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including areas such as Nepal (Baumler and Zech, 1994; Baumler et al., 2005), India (Caner et al.,
2000), Austria (Delvaux et al., 2004), North Appalachians (Canada, USA), Kyushu (Japan), the Alps
(Kimble et al., 2000). More recently these soils have also been found in many NVME of Italy
(lamarino & Terribile, 2008) and their formation is not restricted to the volcanic ash parent
material but mainly to a large range of fine loess sediments (Mileti et al., 2013).

Thus, considering both the large amount of flow-like movements occurred in Italian NVME
and the finding of andic soils in many Italian NVME, here we aim to investigate and to understand,
at the Italian country scale, whether there is a potential cause-effect relationship between the
occurrence of some large catastrophic flow-like landslides events in Italian NVME and andic soils.
More specifically, we have studied soils in the detachment areas of six of the most important flow-
like events that occurred in the last 70 years in different Italian regions having very diverse
geological and geomorphological settings. The study included a consistency check made on other

six minor flow-like landslides.

2. MATERIALS AND METHODS

2.1 Selection of case studies

We selected six major historical flow-like landslides on the base of the followings data:

Information System of Italian Hydrogeological Dysasters (http://sici.irpi.cnr.it/storici italia.htm),

the official Italian landslides archive (IFFI project, 2007) and hystorical papers on Italian Landslides
(Palmieri, 2011). We also seek for both landslide having an important soil component and a well
balanced geographical distribution of Italian flow-like landslides.

Then, we limited our analysis to the following six flow-like slides case studies locations that
occurred in the last 70 years (Table 1): Versilia (Toscana), Plati (Calabria), Albaredo (Lombardia),
Ceriana (Liguria), Sarno-Quindici (Campania) and Vietri (Campania).

All of the chosen flow-like mass movements (Hungr at al., 2001) had a catastrophic behavior and
were fatal to people, by causing several injuries, and destructive for infrastructures and natural
ecosystems.

In addition to these catastrophic landslides, we have sampled other soils from six other
minor flow-like landslides that have been used as consistency check. These landslides were chosen
on the base of pre-existing knowledge from the authors and seeking a balanced geographical
distribution at the country scale.
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2.2 Site description and soil sampling

The geographic position of the sampling points is shown in Figure 1.

Slope, aspect and elevation of the sampling sites were obtained from the GIS analysis of the
DEM (reference, resolution), whereas land use and bedrock were extracted, respectively, from the
Geological map (Carta geologica d’ltalia 1:500000) and the Corine Land Cover (CLC) map (2006,
1:100000), both available on PCN (Portale Cartografico Nazionale - Italian Environment Ministry

http://www.pcn.miniambiente.it).

We carried out field description and soil sampling according to official FAO guidelines (FAO,
2006) in each one of the twelve selected slopes and, for each one of them, at least one soil profile
(i.e. a bidimensional section in which it is possible to observe a soil from the top to the bottom)
was described in the field. Each soil profile was localized in the detachment area of the flow-like
landslides and considered representative of each specific environment (pedon). The choices of
detachment areas to be sampled along with each specific sampling site were done considering
both easy access and good soil conservation status. We collected bulk soil samples for chemical

and physical analyses from every horizon of each soil profile.

2.3 Soil analyses

2.3.1 Standard soil analysis

At first, all bulk samples were air dried and then sieved to 2 mm (to retrieve the fine earth
fraction) in order to carry on (perform) chemical analyses according to the USDA method (2004):
soil pH was measured on soil-H,O suspension according the potentiometric method (USDA-NRCS,
2004); organic carbon (OC) content was measured following the Walkley-Black (1934) procedure;
the acid ammonium oxalate-extractable forms (Al,, Fe, and Si,) were measured at pH 3 according
to Schwertmann (1964) and Blakemore et al. (1987) and their content levels were determined by
inductively coupled plasma atomic emission spectrometry (ICP-AES). The acid ammonium oxalate-
extractable forms Al,, Fe, and Si, were used to calculate (estimate) the quantity of low order clay
minerals, such as allophane and imogolite (rich in Al and Si) that typically characterize (control,
regulate, determine, are responsible of) andic soil, by means of the Parfitt’s formula (1990). The

selective extracted forms also provide the idex of andic property (IAP) Al,+1/2Fe, (expressed in %),
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a diagnostic criterion required to define andic soil properties (IUSS Working Group WRB, 2014).
The cation exchange capacity (CEC) was determined by the method of BaCl, and triethanolamine
at pH 8.2. Because andic soils are rather difficult to disperse due to their high variable charges
(Mizota & van Reeuwijk, 1989), we used field textures to estimate the particle-size classes

(lamarino and Terribile, 2008).

2.3.2 Soil Sampling and hydrological analysis

From soil profiles of Plati, Albaredo, Versilia, Ceriana, Sarno, Quindici and Vietri, undisturbed
soil samples were collected from selected cohesive horizons in order to determine hydraulic
properties. Measurements were carried out by applying both the evaporation method (Arya,
2002) and the tension table method (Dane et al., 2002)".

Water retention data were parameterised according to the van Genuchten equation (1980)
and used as an additional information to evaluate if the hydraulic behaviour of these soils was
consistent with typical hydraulic properties of andic soils. In fact, as previously described, soils
showing andic features are typically characterized by low bulk density, large porosity and high
water retention capacity. In this sense, water retention curves are intended to be an auxiliary tool
to assess whether a soil exhibits andic features.

For each retention curve, the highest water content represents the maximum amount of
water stored in the soil pore system (i.e. at saturated conditions) and is directly related to the
attitude of a soil to be stable or unstable. In fact, high values of saturated water content are
responsible of great weight and high pressure on the underlying materials and are usually
associated to periods of prolonged and/or high rainfall rate. Such a condition predisposes the soil
to be unstable. Since one of the diagnostic criterion required to define andic soil properties is the
Index of Andic Processes (IAP Alo+1/2Feo), and since andic soils are typically characterized by very
high water content we evaluated the correlation between the same IAP values characterizing the
soils and an Integral Retention Index (IRI). Such an index is an indicator representing the average
water retention capacity of the soil between the water content at saturation (assumed at log h=-1
cm) and the water content corresponding to the wilting point (usually fixed to log h =4.2). It is

formally defined as follows (Terribile et al., 2017):

! Sampling and laboratory measurements where previously performed by ISAFOM-CNR for a parallel project.
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where wp=4.2 is the logarithm of pressure head at the wilting point. The IRl is an useful index to
summarize all the soil water retention curve in one single parameter and allows simple
comparisons of the whole water retention capacity. In particular, for our purpose, it is a hydraulic
indicator of the andic soil features, to be added to the chemical indicator IAP. Both IRl and
saturated water content contain information about the quantity of water stored in the soil, but IRI
provides additional and important details about how the water has been stored in the soil. In
particular, andic soils are usually characterized by an important system of small pores so that they
show high water content also in the final (dryer) part of the water retention curve. In this context,
the area under the water retention curve of an andic soil is expected to be significant greater that

a non-andic soil.

3. RESULTS AND DISCUSSION
3.1 Soils

The selected six large catastrophic (destructive, devastating) flow-like mass movements
occurred between 1951 and 2002; their main features are described in Table 1. They took place at
different latitudes in various ltalian regions at Versilia, Plati, Albaredo, Ceriana, Sarno-Quindici,
Vietri sites.

All the selected flow-like movements were triggered by important rainfall events and hit one
or more towns or villages located at the foothill of their slopes where they developed and killed
many people (up to 321). The catastrophic behaviour of such landslides was mainly due to (i) the
high number of landslides that were triggered at the same time during the same event and that
contributed to provide the huge volume of material moving downwards and (ii) the rheological
behaviour of the soils involved in the landslides that flowed downslope like a fluid with very high
velocity. They occurred under very different geological and geomorphological contexts while the
land use was generally forest, ranging from chestnut to fir forest types. With respect to the
environmental setting, the bedrock of the six chosen sites showed different nature varying from
sedimentary to igneous and metamorphic rocks; the flow-like landslides occurred on moderate to

high slope gradient (ranging from 20° to 47°) and at different altitudes (from 275 to 1000 m asl)
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and aspects of the slopes. The heterogeneity of the bedrock underlying each soil profile, the land
use, the slope and the aspect made our dataset markedly diversified and assorted. Surprisingly,
despite the lithological and geomorphological diversities and the different environmental settings
and land uses, the analysed soils presented remarkably similar morphological properties (Table 2).
Soil profiles were generally deep ranging from medium (90 cm) to very deep (200 cm) and they
showed an alternation of A and B horizons. Some profiles were rather complex (e.g. Sarno)
resulting from the overlapping of different pedogenetical cycles.

In general terms topsoils, having a colour ranging from very dark brown to brown, had a
typical weak to strong granular and crumb structures and a sandy loam texture. All topsoils were
generally well developed (with an average thickness of 20 cm), demonstrating that investigated
sites were not subjected to intense erosion, which would have been expected considering the high
to moderate slope gradient, the anthropic effect due to land management (mainly chestnut
coppice).

Results of chemical analyses are provided in Table 2. Soils were characterized from similar
features: for all the soil profiles, the pH (H,0) varied from extremely to slightly acid (except for
Ceriana ranging from neutral to slightly alkaline) and overall pH increased with depth; the OC was
in the topsoil always rather high (32 to 178 g kg'l), which is typical of forestry soils, and regularly
decreased with depth. For all the soil profiles, the CEC was generally consistently in line with the
OC trend. Furthermore, soils showed a variable degree of andic features (evaluated by means of
Aly,+1/2Fe, Index of Andosolization process named IAP). Sarno and Vietri showed a very high value
of AIP index (above 4%), Albaredo and Plati showed moderate values (some horizons >1 % AIP)
while Ceriana showed values < 0,4% which is the minimum value for andic soils (FAO WRB 2006 —
Soil Taxonomy 2006). Allophane and imogolite (%) were present in all the soil profiles with
different amounts that generally increased with the depth (in the deepest horizons).

The amount in the soils of allophone and imogolite evaluated according to Parfitt (1990),
generally increased with the depth and within the B horizons. In fact, even if the presence of short
range order clay minerals is well expressed in all the analyzed soils (except Ceriana), however, an
increasing trend of allophane and imogolite with depth was found for many profiles possibly also

to be related to the presence of buried soils or more weathered buried soil horizons.
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3.2 Soil Hydrology

Hydraulic properties, except for the Ceriana case study, showed from high to very high water
content at saturation in the range 47-73% (Table 3, Fig. 2). Ceriana soil was characterized by the
lowest water content at saturation (47%) reinforcing the results of chemical analyses showing
that, for each horizon of Ceriana soil, IAP was significantly outside of typical IAP values for andic
soils. On the other side, Plati, Albaredo, Versilia, Sarno, Quindici and Vietri soils are characterized
by high and very high values of water content at saturation (52-73%; Table 3). It is presumable that
these high values of saturated water content affected soil stability. In fact, a high water content
has to be intended as an important landslide predisposing factor, since it plays a paramount role in
weighing down the underlying materials, as previously described.

By looking at the water retention curves, it is evident that the analysed soils show high value
of water content at saturation and a rather steep slope. This can help in inferring also information
on the hydraulic conductivity curve, because the slope of the water retention curve, representing
the rate of the water depletion in response to an increase of the suction, is strongly related to the
slope of the unsaturated hydraulic conductivity curve (van Genuchten, 1980). This means that
these soils exhibit a high aptitude to conduct water coupled with a high water retention capacity.
This is a distinctive hydrological behaviour of soils with andic features. In fact, mineral soils like
clay soils showing high water retention capacity (high saturated soil water content and gentle
slope of the water retention curve) are not very conductive at least for h>-1000 cm, while mineral
soils like sandy soils showing low water retention capacity (low value of saturated soil water
content and steep slope of the water retention curve) are rather conductive at least for h>-1000
cm. Therefore, on the contrary of mineral soils, andosols show both high water retention capacity
and hydraulic conductivity in the wet and intermediate branch of the functions.

Soil bulk density, showed values consistent with the IAP values. More specifically, Sarno,
Quindici and Vietri soils which are characterized by a bulk density lower than 0.9 kg dm™ (which is
the bulk density limit for Andosols — FAO WRB 2006) show well expressed andic features, whereas
Plati, Albaredo and Versilia having only moderate andic features (IAP 0.4-2%) showed higher bulk
density values (Table 3).

For soils included in this study, we calculated IRI values in the interval of integration [-1;4.2]
between the logarithm of pressure head (h) at saturation (assumed at h=0.1 cm) and the
logarithm of pressure head at the wilting point (assumed at h=15849 cm) (Table 3). We also

calculated the correlation between IRl values and the Index of Andic Processes (IAP) of the soils
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object of this study and we found a R value of 64%. Then, we recalculated, in the interval of
integration [-1;4.2], IRI for several European Andosols collected and analysed during the “COST
Action 622: Soil resources of Europe volcanic ecosystems” (Basile et al., 2007); then this
recalculated IRl was related to IAP. In Figure 3, we show that the distribution of IAP and IRI values
of soils included in this study is in line with the distribution of IAP and European Andosols. In
particular, as expected and typical of Italian Andosols (orange diamonds in Figure 3), except for
the soil of Vietri which showed high IRl and high IAP values, soils of this study are characterized by
IAP values belonging to the lowest zone of the graph IAP vs. IRI for European Andosols. In fact,
within the European Andosols database, Italian Andosols show low IAP values. This feature is
mainly due to Italian climatic conditions.

As concerns soil texture, the granulometric analyses revealed that overall the most frequent
textural class was sandy loam (26 of the 46 analysed horizons belong to this class) (Figure 4).
Despite the very small dataset consisting of only 10 samples, these results suggest the possible
existence of a direct linear relationship, affecting soil stability/instability, between the presence of
andic soil features in a soil and the water retention properties of the soil itself. We highlight that,
in order to evaluate and ascertain the existence of such relationship, the dataset should be
certainly broadened. In fact, our results only represent a clue of the possible existence of the
relationship between andic soil properties and water retention properties of a soil. Anyway, such
results are important because it was not expected to find a strong correlation between two very
different soil properties, having no methodological relationship (and uncertainty associated to
casual errors), because the IAP is calculated as an empirical chemical index whereas the IRI results

from the hydraulic characterization of the soil.

3.3 Consistency Check With New Soil Observation

In table 4 are given the main environmental features of other six minor flow-like mass
movements employed as an independent consistency check about the relationship between andic
soils and detachment areas of flow-like mass movements. They are located (from north to south)
in Valtellina, Sangone, Penna Mountain, Campitello Matese, Valle Telesina, and Giffone sites and
very diverse in terms of locations, elevation, slope and bedrock although they show similarities in
terms of their forest land use which anyway varies between beech and chestnut.

In table 5 are given the results of soil analyses of this six minor landslides.
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All soils were all characterized by A and Bw sequence. A horizons are dark in colour, reach in
OC and having a soil structure granular and crumb. The texture is sandy loam and most pedon are
subacid.

Mt. Penna, Campitello Matese, Telesina Valley and Giffone soils were all characterized by
high IAP values larger than 2% (cfr. Table ) indicating that they satisfy the diagnostic criterion for
the andic soil properties (FAO WRB 2006 — Soil Taxonomy 2006) while Sangone an Valtellina
showed moderate IAP values (in A and Bw horizons they are always between 0,6 and 1,3 %) always
higher than the minimum 0,4% threshold value for Vitric Andosols.

In general terms, these pedon resemble closely to those described for large landslide in table
2 and clearly confirm a close association between andic soils and detachment of flow-like

landslides.

3.4 Remarks on Soil Fertility and Soil Stability

Together with the high OC content, typical of forest soils, all the other chemical properties,
such as pH H,0 and high CEC, present a picture of very fertile soils. As regards the physical
properties, the loamy texture, which allows a good water gravitational drainage, also contribute to
improve the physical fertility of these ecosystems. The fertility itself is another peculiar aspect of
soils exhibiting andic features and is directly linked to the importance of preserving such soils from
land degradation processes.

On the other side, these soils are known to be susceptible to degradation processes because
of their physical and chemical properties they can be differently subjected to erosion and landslide
phenomena. The analyzed soils were strongly subjected to land degradation because of both
physical and chemical reasons that, together with other morphological factors, such as the slope,
the aspect, etc., concurred to predispose the slopes to flow-like mass movements.

From a physical and hydraulic point of view, the high depth of the studied soils, probably referable
to ancient and recent slope instability phenomena and ranging from 90 to 200 cm, provided a
significant potential of water storage, responsible of great weight and high pressure (both
considered main landslide predisposing factors) on deepest layers. Moreover, the water retention
curves that we evaluated for selected horizons (Figure 2) exhibited high water retention values at
both saturation (0.52 to 0.73 cm® cm™) and dry conditions: such a hydraulic behaviour is also

characteristic of soils having andic properties, which are typically very light in dry condition, but
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extremely heavy at wet and saturated condition. Sandy loamy and loamy textures are responsible
of the physical fertility of these soils showing also a very high chemical fertility, as indicated by the
high organic carbon content and the acidic values of soil pH (Table 2 and Table 5). In fact, loamy
and sandy loamy textures allow the drainage of water. The fertility itself is another peculiar aspect
of soils exhibiting andic features and is directly linked to the importance of preserving such soils
from land degradation processes.

On the other side, from a functional point of view, the content of short range order clay
minerals enabled the soil to quickly liquefy releasing water contained in their typical micro-
structure. Such behavior (named smeariness in FAO 2006 and thixotropy in WRB, 2014) typically
occurs in most andic soils after the application of an abrupt mechanical force (i.e. pressure). This
may determine a high potential and a high danger for soil liquefaction under stress conditions

(Vingiani and Terribile, 2006).

4. CONCLUSIONS

Because of their peculiar properties, soils displaying andic features are known to be
remarkably important as regards both ecosystem fertility and susceptibility to land degradation
processes, such as erosion and landslides phenomena. Recent studies have proved that (i) andic
soils are much more widespread than previously thought and that they are also diffused in non-
volcanic ecosystems under different environmental settings all over the world and (ii) in Campania
region the occurrence of flow-like mass movements is directly linked to the presence of Andosols.

In such framework, we attempted to evaluate whether the association between andic soils
and flow-like landslide applied elsewhere. Hence, we selected 6 historical catastrophic flow-like
mass movements that happened in Italy in different environmental, geological and
geomorphological settings in the last 70 years in order to evaluate the physical, chemical and
hydrological soil properties and, in particular, to understand if such properties are attributable to
andic soil features.

It has been observed that, despite the differences in terms of geological, geomorphological
and environmental conditions, overall, the performed analyses revealed the existence of
considerable chemical, physical and hydraulic homogeneity and, especially, the presence of andic
features characterized most of the studied soils.

In particular, soils collected in the detachment areas of Sarno and Vietri showed a very high

andic features (AIP > 4%), Albaredo and Plati showed moderate values (AIP >1%) while Ceriana

Chapter 4 Pag. 85



showed values < 0,4% which is the minimum value for andic soils (FAO WRB 2006 — Soil Taxonomy
2006). Moreover, other soil features such as soil colors, pH, CEC, OC, allophane and imogolite
content are all referable and typical of soil with andic features.

Then, after having found out that the large majority of studies soils - albeit not all - have
andic features we made a consistency check using an independent set of six minor flow-like
landslides which confirmed the same results of the major landslides.

The current study is of special interest for landslide hazard assessment because these
findings shed new light on the similarity of the soils involved by flow-like mass movements, both
the catastrophic and the minor ones, suggesting a pedological control on the debris flow hazard.
Nevertheless, an extension to other mountain environments, in order to enlarge soil dataset, is
required and strongly encouraged.

In conclusion, soils showing andic features require to be protected from land degradation in
order to (i) preserve their extraordinary fertility which allows the development of a florid and lush
ecosystem of agricultural and ecological importance and (ii) avoid the occurrence of flow-like mass
movements, representing a tremendous hazard which exposes people and ecosystems to a very
high risk. We also highlight that the understanding of the distribution of andic soils and the
existence of a possible direct relationship between the presence of andic soil properties and the
occurrence of flow-like movements are useful tools to better understand which areas of the Italian
territory could be mostly subjected to flow-like landslides phenomena. In the framework of risk
management policies and appropriate forest planning, such information are very useful to (i)
improve landslide mitigation strategies, (ii) decrease soil erosion by preserving soil continuity, and
(ii) protect mountain soils of key environmental importance.

Moreover, it is fundamental to emphasize that the characterization of soil properties
involved in flow-like landslides is of primary importance for setting up flow-like risk mitigation
strategies and soil conservation management policy but also to preserve the soil themselves
because of their agricultural potential and ecological importance. In particular, the information
about the soil depth and the soil layering that we collected in these case studies would be useful
towards practical applications and in order to implement soil information in dynamic landslide
models. We highlight that the implementation of dynamic models is an essential requirement for
the understanding, within entire regions where andic soil features (considered as a landslide
predisposing factor) are developed, of which could be the most susceptible areas where a flow-

like landslide could happen.
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Main data of the entire landslides Main environmental data of the sampling sites

Slope . Number . .
. . . Date of the Number of Rainfall Coordinates Elevation
Soil profile Region event range of landslides peak . of WGS84 m) Slope Aspect Land use Bedrock
det. areas Victims
545715 m E Grassland . .
ALBAREDO  Lombardia  16/11/2002 41°-50° 50 230 rﬂm/ 60 2 5105989 m N 1000 27° SW with Ig'n‘i’t'gi‘zjos'rfzizggs
UTM32N chestnut 9 9
403100 m E
CERIANA Liguria 23/11/2000 N/A 1204 180 mm/24 3 | 4860512mN 875 27° sg  Chestnut  Marly sandstones
h forest unit (turbiditic)
UTM33N
605317 mE
VERSILIA Toscana 19/06/1996 31°-45° 647 400 mm/6 h 14 4873717 m N 365 20° SE Chestnut  Arenaceous rocks
forest and phyllitic schist
UTM32N
SARNO Campania 05/05/1998 33°-55° 161 173 mm/48 159 469088 m E 800 47° SwW Chestnut Limestone
h 4521127 m N forest
UTM33N
VIETRI Campania 26/10/1954 40°-50° 321 504 mm/24 321 476194 m E 275 40° N Chestnut Limestone and
h 4503127 m N forest dolomites
UTM33N
1495 591469 m E forest  paragneisses.
PLATI Calabria 16/10/1951 40°-50 18 mm/72 h 17 4230816 m N 900 28 SE (Chestnut phyliites and
UTM33N
- Oak) marbles

Table 1: Main features of the six catastrophic flow-like landslides and environmental settings of sampling sites. Abbrev: NA: not available; det.: detachment
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CEC

Soil profile  Horizon D(EE:)h &J(L?:tr) Structure {Sé%’;g (ﬁz"é) (EgC_S? (E:Jn-lo)l g/'s Feo(%) (SO/IoO) AloJr(g)/;JE)SFe0 ,?:L%%r:)?irgs gz)d
ALBAREDO A 0-40 10YR 3/2 m m SB n.a. 51 32,0 4,0 0,8 1.2 0,2 1,4 11
Bw 40-110 10YR 4/4 mmSB  sandyloam 5,3 11,0 1,6 1,3 1,0 0,5 1,8 3.3
CERIANA A 0-10 10 YR 3/2 n.a. sandy loam 6,6 52,6 32,4 0,11 0,14 0,03 0,18 0,2
A/B 10-20 10 YR 4/3 n.a. clay loam 7.4 9,6 16,4 0,13 020 0,03 0,23 0,2
Bwl 20-50 10 YR 4/4 n.a. clay loam 7.6 57 18,0 0,14 016 0,02 0,22 0,2
Bw2 50-80 10 YR 5/4 n.a. clay loam 7.3 4,9 15,3 0,14 016 0,03 0,22 0,2
Bw3 80-110 10 YR 3/4 n.a. clay 7.4 6,8 19,2 0,15 019 0,03 0,24 0,2
VERSILIA OA 0-2 10 YR 2/1 scGR sand 41 1788 14,6 0,1 0,2 0,1 0,2 0,4
Bwl 2-65 10 YR 4/4 mcSB  sandyloam 48 12,9 2,8 0,3 0,5 0,1 0,5 0,5
Bw2 65-150 7,5 YR 4/6 m m SB sandy loam 4.6 9,6 2,8 0,6 0,9 0,2 1,0 11
SARNO A 0-20 10YR3/1 wmGR sandyloam 6,8 98,5 34,6 4.4 11 2.9 5 20,7
Bw 20 - 38 10YR 4/3 wm SB sandy loam 7,3 10,7 21,4 2,0 1,0 1,3 2,5 9,0
BC 38-71 2.5YR 4/2 wcSB  loamysand 7,5 4,2 12,5 54 0,7 2,8 57 20,0
C 71-100 5Y 7/3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
2A/Bwb  100-140  10YR 3/4 wcSB  sandyloam 7,5 10,5 29,6 1,6 0,9 1.2 2.1 8,4
2Bw/Cb 140 - 150 2.5Y 4/4 wm SB n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
2Cb 150 - 200 2.5Y 5/4 wm SB n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
VIETRI A 0-9 10YR 2/2 scGR  sandyloam 7,3 58,0 n.d. 3,8 1,2 2,5 45 17,6
B1 9-28 10YR 3/3 smSB  sandyloam 7,4 24,3 26,5 43 1.2 3.2 5,0 22,6
B2 28 -48 10YR 3/3 m m SB silty loam 7.6 15,6 27,6 4,9 11 4,0 55 28,4
B3 48 -70 10YR 3/4 m m SB silty loam 7.8 9,6 32,3 2,9 11 2,0 3,5 14,0
PLATI A 0-45 10YR 2/2 mcGR  sandy loam 51 69,6 19,2 1,0 0,8 0,2 1,3 1,7
Bwl 45-90 10YR 4/6 m m SB sandy loam 51 25,0 24,9 1,2 0,7 0,9 1,5 6,7
Bw2 90-120 10YR 3/6 n.a. sandy loam 5,2 18,9 19,9 0,9 0,8 0,5 1,3 3.8
B/C 120+ 10YR 3/6 n.a. sandy loam 6,0 19,8 9,7 0,6 0,5 0,4 0,8 3,0

Table 2: Main morphological, chemical and physical properties of the investigated soils. Abbrev. Structure (according to FAO, 2006): Grades: w= weak; m=
moderate; s=strong. Size classes: c=coarse; vc=very coarse; m=medium; f=fine. Types: CR= crumbly; AB= angular bolcky; PR= prismatic; SB= subangular blocky;
MA= massive; SG= single grain; GR= granular; OC = organic carbon; CEC = cation exchange capacity; Alo, Feo, and Sio= acid ammonium oxalate-extractable
forms; Allophane and imogolite (%) were calculated using the Parfitt’s formula (1990); n.d.= not determined.
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. Saturated
i Bulk density 3. 3
Profile 1AP % 3 water content IR [m’*m™]
cm i
[g*cm’] [
Plati A 1.30 1 0.61 0.43
Plati Bw 1.50 1.15 0.52 0.38
Albaredo Bw 1.82 1.11 0.64 0.43
Versilia Bwl 0.50 1.04 0.55 0.37
Ceriana Bwl 0.22 1.27 0.47 0.31
Sarno 2Ab/Bwb 2.2 0.66 0.73 0.56
Sarno 2Bwb/Cb - 0.72 0.65 0.47
Vietri B1 5 0.66 0.72 0.49
Vietri B2 5.5 0.71 0.68 0.47
Quindici A 2.2 0.9 0.73 0.46
Quindici Bwl 3.1 0.66 0.72 0.50

Table 3: Values of Index of Andosolization Processes (IAP), bulk density, saturated water
content and IRI of the analysed soils.
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Coordinates Elevation

Location Region WGS84 m) Slope Aspect Land use Bedrock
601415 mE . .
VALTELLINA  Lombardia 5148018 m N 1500 23° N Fir forest T"'rgf‘;’r‘]’:t'ittse g‘”d
UTM32N 9
366900 m E . .
SANGONE  Piemonte 4986237 m N 950 25° E M'Xeda‘:’ées;k()be“h Metar?or:gg'g)md‘s
UTM32N g
539417 mE Clays and limestones
Mt. PENNA Liguria 4927750 m N 1370 23° NW Beech forest sometimes ophiolitic
UTM32N unit (turbiditic)
CAMPITELLO 449881 m E Broadleaves and

Molise 4590906 m N 1367 42° NE Limestone

MATESE UTM33N beach forest

465426 m E Mixed forest

Campania 4583(2/'8;13?\] N 775 27 N (Chestnut - Oak) Limestone

TELESINA
VALLEY

600666 m E
GIFFONE Calabria 4255031 m N 665 27° NW Chestnut forest
UTM33N

Granites and
granodiorites

Table 4: Environmental setting of the six minor flow-like landslides used as an independent consistency check.
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Depth Colour Texture pH OoC CEC Al,  Fe,  Sio Allophane and

Location Horizon (cm) (moist) Structure (USDA) (H>0) (94 (cmpl (%) (%) (%) Al,+0,5Fe, (%) imogolite (%)

VALTELLINA OAE 0-20 75YR4/2 scGR sand 4,0 86,0 12,7 03 13 01 1,0 0,6
Bw 20-50 10YR4/4 wmSB sandyloam 55 29,8 6,0 05 15 01 1.3 0,5

BC 50-90 5Y 4/3 SG n.a. 51 n.a. 2,2 01 02 01 0,2 0,5

SANGONE A 0-5 10YR3/2 mmGR sandyloam 4,7 31,8 141 nd. nd.  nd. n.d. n.d.
Bwl 5-45 10YR 3/3 mm SB  sandy loam 4,8 14,5 16,3 0,5 0,7 0,02 0,8 0,1

Bw2 45-75  10YR4/3 mmSB sandyloam 4,7 8,6 12,4 03 06 001 0,6 0,1

Ab 75-112 10YR 3/2 m m SB silt loam 4.8 8,1 9,2 n.d. n.d. n.d. n.d. n.d.

M.TE PENNA Al 0-5 10YR2/2 scCR sandyloam 54 1263 11,4 1,2 31 01 2,8 0,8
A2 5-20 10YR3/3 scCR loam 53 1098 7.1 1,4 27 01 2.7 0,8

B/A 20-35  10YR3/4 mvcGR loam 55 76,8 4,5 1,9 23 02 31 1,3

Bwl 35-70 10YR4/4 mcSB loam 55 44,6 35 19 26 03 3.2 2,0

Bw2  70-110 10YR3/6 mmSB sandyloam 5,6 47,5 2,1 1,7 18 03 2,6 2,2

CAMPITELLO Ah 0-8 10YR3/3 mfGR n.d. 57 53,9 54,2 22 02 06 2.3 45
MATESE 8-20 10YR3/5 mfGR n.d. 57 455 55,2 22 03 06 2,4 4.4
B 20-35 75YR3/2 mfGR n.d. 5,6 32,0 46,7 19 01 06 2,0 4.4

Bb 35-50 10YR3/4 mfGR n.d. 57 21,2 41,7 1,8 01 06 1,8 4,2

BC 50-68  10YR3/6 mfGR n.d. 5,5 25,9 434 1,8 02 06 1,9 4.4

2Bb 68-80 10YR4/4 mfGR n.d. 57 22,2 45,7 19 01 06 1,9 4,1

c 80-120 n.d. m f GR n.d. 6,8 16,8 40,6 1,8 02 06 1,9 4,2

TELESINA Al 0-10 10YR3/2 mmGR sandyloam 59 36,2 75,3 23 06 na. 2,6 n.a.
VALLEY A2 10-25 10YR4/3 mf SB loam 5,9 35,2 53,2 46 12 15 5.2 10,7
AB 25-35 10YR4/3 mf SB loam 6,1 26,4 443 34 08 na 3.8 n.a.

Bwl 3560 10YR3/4 mf SB loam 6,2 20,7 40,6 33 08 na 37 n.a.

Bw2 60-90 10YR3/4 mcSB loam 6,3 19,3 38,7 41 09 18 45 12,8

Bw3 90-120 10 YR 3/4 m c SB clay loam 6,3 13,7 455 3,2 0,6 n.a. 3,5 n.a.

GIFFONE Al 0-15 10YR2/2 smGR sandyloam 51 51,4 36,0 1,2 06 03 15 2,0
A2 15-30 75YR3/3 mmSB sandyloam 5,0 49,4 38,5 1,8 09 05 2.3 3.4

Bwl 30-50 7.5YR3/3 mmSB loam 53 30,9 26,3 1,9 10 06 2,4 4,6

Bw2 50-80 7.5YR3/3 mmSB loam 5,6 25,7 26,0 12 08 04 1,6 2,5

2Ab 80-110 10YR 3/2 mm SB  sandy loam 5,5 30,1 29,2 1,7 1,0 0,6 2,2 4,2
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18,0 13 1,0 0,4 1,8 3,1

3Bwl 110-150 7.5YR 3/4 mc SB sandy loam 5,6 17,0
0,7 0,6

3Bw2  150-200 10YR 4/4 m c SB sandy loam 6,0 1,8 17,4 0,4 0,7 0,1

Table 5: Main morphological, chemical and physical properties of the investigated soils. Abbrev. Structure (according to FAO, 2006): Grades: w= weak; m=
moderate; s=strong. Size classes: c=coarse; vc=very coarse; m=medium; f=fine. Types: CR= crumbly; AB= angular bolcky; PR= prismatic; SB= subangular blocky;
MA= massive; SG= single grain; GR= granular; OC = organic carbon; CEC = cation exchange capacity; Alo, Feo, and Sio= acid ammonium oxalate-extractable

forms; Allophane and imogolite (%) were calculated using the Parfitt’s formula (1990); n.d.= not determined.
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Figure 1: Distribution of the study areas in Italy. Yellow placemarks represent sites
where catastrophic flow-like landslides occurred, whereas green ones are for sites

where minor flow-like landslides occurred.
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Figure 2: Soil water retention curves for the analysed soils.
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Figure 3: Correlation between Integral Retention Index (IRl) and the index of
andosolization processes expressed by Al,+0.5Fe,. Red symbols represent the soils
included in this study, black symbols are for European Andosols, and orange symbols

are for Italian Andosols.
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Figure 4: Frequency of soil textural classes. Total number of
the analysed horizons is 42. Specific information about the
textural class of each horizon of the twelve different soil
profiles object of this study are reported in Table 2 and in
Table 5.
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GENERAL CONCLUSIONS

The research work described in the current thesis was an effort to join the different scientific
domains of soil science, applied geology and landslide modelling over very important landslide
phenomena, namely flow-like landslides (Hungr et al., 2001), which are one of the most dangerous
natural hazard.

We introduced the importance of a pedological approach finalized to evaluate key soil
properties, intended as predisposing factors of flow-like mass movements. In particular, we found
the presence of andic soils where important or minor Italian flow-like landslides occurred. Due to
the unique set of properties, andic soils are considered to be highly exposed to landslide
phenomena and other land degradation processes. Such findings shed new light on the similarity
of the materials involved by flow-like landslides (in Italy), suggesting a pedological control on the
flow-like hazard. In this context, we highlight that a multidisciplinary approach would be required
in order to deepen the knowledge of landslide predisposing and triggering factors. In fact, soil
properties have to be considered a crucial predisposing factor (together with the other commonly
recognized hydraulic and geotechnical properties) because they could dramatically increase the
susceptibility of a soil to be involved in flow-like landslides.

Among dynamic landslide models, we chose a LHT model (namely, STEP-TRAMM) which
gave satisfying performances when implemented on simplified reality (i.e. homogeneous soils),
indicating the location of the first rupture within the soil and the position and the area of each
simulated landslide. Despite the limited resolution of the numerical grid that we set, the model
was able to properly detect most susceptible landslide areas for the Napf, Pogliaschina and
Camaldoli hill catchments. Such results were strongly encouraging but a bigger effort would be
required by considering that, in many Italian environments, landslides usually occur where layered
soils occur. In fact, our experience demonstrated that all over Italy there are different
environmental and geological contexts where catastrophic or minor flow-like landslides involve
layered soils. For such cases, the layering, which is typical of andic soils, is a not negligible landslide
predisposing factor. In fact, the contact between different soil horizons, showing different
properties (e.g. soil texture, saturated water retention, etc.), represents a physical and hydraulic
discontinuity. In this sense, the layering creates weak surfaces within the entire soil profile, where
an increase of positive pore pressure can develop and trigger flow-like landslides. Furthermore,

the study conducted in Telesina Valley showed that soil depth can importantly vary not only with
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the depth, but also in the space as a function of the different geomorphological contexts that can
be found over the same hillslope. A possible further effort made to allow the implementation of
the model also on layered soils would provide the possibility to predict flow-like mass movements

in @ much broader range of possibilities and in different Italian domains exposed to these

dangerous hazards.
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